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RESUME 
Identification et caracterisation de nouveaux partenaires d'interaction liant le domaine de 
repetitions similaires a Pankyrine des TRPCs 
par 
Marc Lussier 
These presentee a la Faculte de medecine et des sciences de la sante 
en vue de l'obtention du grade de 
Philosophiae doctor (Ph.D.) en pharmacologic 
Le Ca2+ joue un role majeur dans la regulation de processus physiologiques et 
biochimiques de 1'organisme. Chez les cellules non-excitables, les TRPCs (transient 
receptor potential canonical) sont des canaux calciques impliques dans 1'influx de Ca2+ a 
la membrane plasmique. Bien que de nombreux efforts soient deployes, le mecanisme 
regulant Pactivite et le routage des TRPCs est encore mal connu. Au cours des dernieres 
annees, l'etude de domaines conserves au sein des proteines a connu un engouement. 
Tous les TRPCs possedent un domaine de repetitions similaires a Pankyrine (ANK), un 
motif bien connu pour son implication dans des interactions proteine-proteine. Le but de 
la presente etude etait d'identifier de nouveaux partenaires d'interaction du domaine ANK 
des TRPCs. Pour ce faire, nous avons utilise Papproche de double-hybride chez la levure 
afin de cribler une librairie d'ADNc, ce qui nous a permis d'identifier MxA et RNF24. 
MxA est une proteine faisant partie de la superfamille de la dynamine. Elle possede 
plusieurs proprietes de la dynamine classique, dont celle d'oligomeriser. La premiere 
partie de l'etude demontre que MxA interagit au niveau de la deuxieme repetition 
similaire a Pankyrine de TRPC6 et que cette proteine peut Her tous les TRPCs, autant in 
vitro qu'w cellulo. Des mesures de Ca2+ intracellulaire effectuees sur des cellules HEK 
293T demontrent que P interaction entre MxA et TRPC6 modifie significativement 
Pactivite de TRPC6. De plus, Putilisation de mutants de MxA demontre que la 
modulation de Pactivite de TRPC6 s'effectue lorsque MxA est sous sa forme 
monomerique liee au GTP. Les resultats demontrent que MxA lie le domaine ANK de 
TRPC6 et modifie son activite. 
La decouverte de RNF24 a permis d'identifier une nouvelle proteine membranaire 
localisee au niveau de l'appareil de Golgi. L'expression de RNF24 reduit specifiquement 
P insertion des TRPCs a la membrane plasmique, cause une retention intracellulaire des 
TRPC3 et TRPC6, mais n'affecte pas le processus de maturation de TRPC6. De plus, 
dans les cellules HEK 293T stimulees par le carbachol, P influx de Ca2+ endogene ou 
medie par TRPC6 n'est pas affecte par la co-expression de RNF24. Ainsi, les resultats 
demontrent que RNF24 interagit avec les TRPCs, affecte le routage intracellulaire de 
ceux-ci sans modifier leur activite. 
Ces deux etudes ont permis d'identifier les premiers partenaires d'interaction du domaine 
ANK des TRPCs, soit MxA et RNF24, et de caracteriser l'effet des interactions sur la 
modulation du routage et de Pactivite des TRPCs. 
Mots cles : TRPC, calcium, signalisation, interaction proteine-proteine. 
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Le Ca joue un role majeur dans la regulation de processus physiologiques et 
biochimiques necessaires au bon fonctionnement de l'organisme. Une elevation de la 
concentration cytosolique de Ca2+ ([Ca2+]0, en reponsea divers stimuli tels que les 
hormones, entrainera 1'activation de differentes proteines effectrices regulant de 
nombreux evenements cellulaires a court terme tels que la contraction musculaire et la 
secretion d'hormones, et des reponses a plus long terme telles que la proliferation, la 
differentiation et l'apoptose cellulaire (Berridge et al. 2000). 
La regulation des fluctuations de la [Ca2+]i est un processus complexe. A Petat non-
stimulee, la [Ca2+]i d'une cellule est situee entre 50 et 100 nM. La concentration calcique 
du reticulum endoplasmique ou celle retrouvee dans le compartiment extracellulaire est de 
1 a 2 mM. Cela represente une difference de concentration de l'ordre de 10 000 a 20 000 
fois celle retrouvee au niveau du cytosol. Afin de maintenir un tel gradient de 
concentration, la cellule utilise plusieurs pompes telles que les SERCAs (sarcoplasmic 
endoplasmic reticulum Ca2+ ATPase pump) et les PMCAs (plasma membrane Ca2+ 
ATPase pump), dont les actions respectives sont d'expulser le Ca2+ du cytosol vers 
Pinterieur du reticulum endoplasmique et du cytosol vers le compartiment extracellulaire. 
De plus, Paction de Pechangeur sodium/Ca2+ (NCX) situe a la membrane plasmique aide 
a maintenir le gradient de concentration. 
* 
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Sisnalisation calcigue chez les cellules non excitables 
L'augmentation de la [Ca2+]j chez les cellules eucaryotes depend principalement du type 
cellulaire, qu'il s'agisse d'une cellule excitable ou non. Dans le cas des cellules non 
excitables (Figure 1), la stimulation d'une cellule entraine l'elevation de la [Ca2+]; en deux 
phases bien distinctes. La premiere phase survient lors de la sortie de Ca2+ contenu dans le 
reservoir intracellulaire, le reticulum endoplasmique (RE). Cette phase survient suite a la 
fixation d'un agoniste sur son recepteur specifique, soit a un recepteur tyrosine-kinase ou 
a un recepteur couple a une proteine Gq (GqPCR). Les proteines G heterotrimeriques sont 
composees de trois sous-unites : a, |3 et y. A l'etat non-stimule, le guanosine diphosphate 
(GDP) est lie a la sous-unite a. La fixation d'un agoniste sur un GqPCR provoque un 
changement conformationnel de la sous-unite Gaq provoquant une perte d'affinite du 
GDP pour son site de liaison au sein de la sous-unite aq. Le GDP se dissocie, permettant 
ainsi la liaison du GTP, ce qui produit la dissociation des sous-unites aq et Py du 
complexe hormone-recepteur. Les sous-unites aq-GTP et Py actives ainsi produites vont 
interagir avec des proteines effectrices et initier leur action. La sous-unite aq-GTP 
activera une enzyme, la phospholipase C (PLC) p. Dans le cas d'un recepteur tyrosine-
kinase (RTK), a la suite de la fixation de l'hormone, il y aura autophosphorylation du 
recepteur, provoquant le recrutement de la PLC y qui se Hera aux tyrosines phosphorylees 
du recepteur. II s'en suit subsequemment la phosphorylation et 1'activation de la PLC y 
(Meisenhelder et al. 1989). 
Une fois les PLCs activees (Figure 1), elles hydrolysent le phosphatidylinositol 4,5-
bisphosphate (PIP2), un lipide membranaire, en inositol 1,4,5-trisphosphate (IP3) et en 1,2-
4 
Figure 1. Cascade de signalisation et influx calcique chez les cellules non-excitables. 
A l'etat de repos, la concentration de calcium au niveau du cytoplasme est d'environ 100 
nM. La liaison d'un agoniste a un GqPCR ou a un r&epteur tyrosine kinase (RTK) 
enclenche la cascade menant a la relache de c&lcium du RE. II s'en suit un influx de 
calcium au niveau de la membrane plasmique. Ce phenomene est appete entree 
capacitative de calcium (CCE) ou SOCE. Le mexanisme propose recemment implique que 
STIM, situ6 au niveau de la membrane du RE, soit la proteine detectant la baisse du 
contenu en calcium du RE. Par un signal et un mecanisme encore mal compris, STIM 
activerait un complexe de protemes (complexe form6 d'Orai et/ou des TRPCs) et 
permetterait 1'influx calcique membranaire. 
diacylglycerol (DAG). L'HV ainsi forme diffuse dans le cytoplasme et lie son recepteur-
canal situe a la membrane du reticulum endoplasmique. L'ouverture du recepteur de l'IP3 
(IP3R) provoque done une sortie passive et rapide du Ca2+ contenu au RE, entrainant une 
hausse transitoire de la [Ca2+]i a des niveaux pouvant etre de 500 a 1000 nM. En absence 
de Ca + extracellulaire, la [Ga2+]i retourne rapidement au niveau basal, par Taction des 
pompes SERCAs et PMCAs, ainsi que par Paction de l'NCX. En presence de Ca2+ 
extracellulaire, la [Ca2+]j demeure elevee, en raison d'une entree de Ca2+ provenant du 
milieu extracellulaire. 
Entree calcique : SOCE, ROCE 
Suite a 1'elevation de la [Ca2+], par la relache de Ca2+ contenu au RE (Figure 1), une 
portion du Ca2+ cytoplasmique est expulsee de la cellule par Paction des PMCAs et de 
l'NCX. La perte est alors compensee par un influx de Ca2+ a la membrane plasmique 
induit par la reduction de la concentration de Ca2+ contenue dans le RE, constituant ainsi 
la deuxieme phase de la mobilisation calcique. Cette derniere a comme consequence 
d'elever et de maintenir la [Ca2+]j a un niveau plus eleve qu'a I'etat basal (Berridge et al., 
2000), permettant de prolonger la reponse physiologique et de reconstituer la reserve 
calcique du RE. 
Le mecanisme precis regulant l'entree de Ca2+ est encore inconnu de nos jours. Un 
modele de cet influx a ete initialement decrit en 1986 par James Putney Jr. II a ete observe 
que l'influx calcique etait maintenu jusqu'a ce que la concentration de Ca2+ a l'interieur 
du RE regagne I'etat basal, soit environ 1 mM, et que la stimulation cellulaire s'arrete. 
Cette entree de Ca2+ est appelee entree capacitative de Ca2+ ou SOCE (store-operated Ca2+ 
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entry). L'utilisation d'un inhibiteur irreversible de la pompe SERCA, la thapsigargine 
(Thastrup et al. 1990) produit une fuite de Ca2+ du RE vers le cytoplasme. La diminution 
de la concentration de Ca2+ au RE induit un influx calcique membranaire semblable a 
celui provoque par l'activation d'un recepteur. L'influx de Ca2+ membranaire induit suite 
a l'activation de la PLC, par l'activation d'un recepteur (GqPCR ou RTK), a ete nomme 
ROCE pour receptor-operated Ca2+ entry. 
TRP: la decouverte 
TRP est Pabreviation de « transient receptor potential » et provient d'une mutation 
spontanee decouverte par Cosens et Manning (1969) au sein du gene trp de la rriouche a 
fruit Drosophila melanogaster. lis ont observe que la mutation dans le gene trp alterait le 
systeme de transduction visuelle de la mouche en reponse a un stimulus lumineux. Chez 
la drosophile, la signalisation visuelle implique l'activation d'un GqPCR, le recepteur de 
la rhodopsine, dont la stimulation par un influx lumineux entraine l'activation d'une PLC. 
Contrairement a l'humain ou la lumiere induit une hyperpolarisation de la membrane des 
cellules photoreceptrices de l'oeil, l'activation de la PLC chez la drosophile entraine 
l'ouverture de canaux calciques provoquant une depolarisation de la membrane. 
L'utilisation de techniques d'electrophysiologic sur des cellules photoreceptrices de l'oeil 
de la Drosophila permet de mesurer le developpement d'un courant ionique entrant suite 
a la depolarisation de la membrane par l'application d'un stimulus lumineux (Figure 2, 
gauche). Chez les cellules photoreceptrices trp de type sauvage, il y a developpement 
rapide d'un courant suite a la depolarisation de la membrane, suivi d'une transition rapide 
vers un plateau soutenu a un niveau superieur a l'etat non stimule. Afin que la 
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Figure 2. Developpement du courant ionique entrant suite a la depolarisation de la 
membrane par l'application d'un stimulus lumineux: le phenotype trp chez des 
cellules photoreceptrices de l'oeil de la Drosophila melanogaster . Cellule trp de type 
sauvage (gauche), cellule trp mutante (centre) et cellule trp de type sauvage traitee au 
lanthanium (La3+) (droite). II est a noter que l'intensite du stimulus lumineux utilise est 
dix fois plus intense (au centre et a droite par rapport a gauche) afin d'avoir un courant 
d'intensite comparable. Figure adaptee de Minke et Cook (2002). 
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depolarisation membranaire chez les cellules photoreceptrices trp mutantes soit 
comparable a celui des cellules de type sauvage, les photorecepteurs necessitent 
l'application d'un flux lumineux dix fois plus intense. De plus, chez les cellules 
photoreceptrices trp mutantes (Figure 2, centre), il y a absence du courant ionique soutenu 
formant le plateau dans la phase de repolarisation de la membrane. En plus, l'application 
d'un inhibiteur non specifique de canaux calciques, le lanthanium (La3+), sur des cellules 
photoreceptrices trp de type sauvage (Figure 2, droite), a permis a Hardie et Minke (1992) 
de demontrer que le courant developpe etait similaire a celui observe chez les cellules 
photoreceptrices trp mutantes. Ceci suggere done que le gene trp code pour un canal 
calcique. 
Quelques annees plus tot, Montell et Rubin (1989) ont ete les premiers a doner et a 
sequencer le gene trp de la Drosophila permettant de recueillir des indices sur l'identite 
de la proteine requise dans la phototransduction. Par la suite, Phillips et ah (1992) ont 
publie le clonage d'une proteine liant la calmoduline et dont la sequence d'acides amines 
etait tres homologue a celle du TRP de la Drosophila. Cette proteine a ete nommee TRP-
like (TRPL) et serait responsable du courant residuel observe chez les cellules 
photoreceptrices trp mutantes (Figure 2, centre). 
TRPs : sous-families et nomenclature 
La decouverte des TRP et TRPL de la Drosophila a entratne le clonage de plusieurs TRPs 
de mammiferes. Basee sur l'homologie de leurs acides amines, la superfamille des canaux 
ioniques TRP, formee par vingt-huit membres exprimes chez les mammiferes, peut etre 
divisee en six sous-families : les TRPCs, TRPVs, TRPMs, TRPPs, TRPMLs et TRPA 
9 
(Figure 3). Bien que sa sequence d'acides amines soit apparentee, la proteine TRPN n'a 
pas encore ete detectee chez les mammiferes, mais son expression est retrouvee chez 
Caenorhabditis elegans, la drosophile et le zebra fish. 
Chaque membre de la superfamille est code par un gene different (Montell et al. 2002). 
La sous-famille des TRPCs (canonical) est composee de sept membres (TRPC1-7) 
formant tous des canaux calciques, mais seul le membre TRPC2 n'est pas exprime chez 
l'humain. Les sous-families TRPV (vanilloid), TRPM (melastatin), et TRPML 
(mucolipin) sont composees respectivement de six (TRPV 1-6), huit (TRPM 1-8) et trois 
(TRPML 1-3) membres formant des canaux ioniques, et seuls les membres TRPM4 et 
TRPM5 sont impermeables au Ca2+ (Nilius et al. 2007). La sous-famille TRPP 
(polycystin) est composee de huit membres, dont seulement trois membres (TRPP2, 
TRPP3 et TRPP5) forment des canaux calciques. Finalement, dans le cas de la sous-
famille TRPA (ankyrin), elle n'est formee que d'un seul membre et forme un canal 
calcique. 
Bien que la grande majorite des TRPs forment des canaux calciques, la valeur de 
selectivity de chacun pour le passage de l'ion Ca2+ varie enormement. Tous les canaux 
TRPCs, TRPVs, TRPMLs, TRPMs (sauf TRPM4 et 5), TRPAl, et TRPP2, 3 et 5 
permettent le passage du Ca2+. Les valeurs de selectivity ionique sont tres differentes avec 
des ratios Pca2+ /PNa+ (ou P represente la permeabilite pour l'ion) passant de 0,5 pour 
TRPM2 a plus de 100 pour TRPV5 et TRPV6 (Nilius et Voets, 2005). II est aussi possible 
d'effectuer des regroupements au sein d'une meme sous-famille, que ce soit du point de 
vue de leur assemblage ou de leur mode d'activation. II semble que l'assemblage et 
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Figure 3. Arbre phylogenetique de la superfamille des canaux Transient Receptor 
Potential (TRP) mammaliens. TRPC (canonical), TRPM (melastatine), TRPV 
(vanilloide), TRPP (poly cystine), TRP A (ankyrine), TRP ML (mucolipine) sont les seules 
sous-families identifies chez les mammiferes. Tir6e de Nilius et al. (2006). 
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l'activation des canaux puissent dependre du contexte cellulaire, que ce soit par leur type 
d'expression (endogene versus surexpression exogene), ou par Putilisation de differents 
types cellulaires (lignee cellulaire primaire versus une lignee immortelle). 
TRPCs : regulation de I'activite et implication de yartenaires d'interaction 
II est de plus en plus clair que 1' influx de Ca2+ au niveau de la membrane plasmique est 
regule par le contenu en Ca2+ du RE. Cependant, aussi longtemps que le lien entre la 
concentration de Ca2+ au RE et l'activation des canaux calciques de la membrane 
plasmique reste inconnu, Pinfluence qu'exerce la reserve calcique sur un canal doit etre 
considered comme un phenomene, et non un mecanisme. A Petat de repos, une faible 
quantite de TRPCs seraient exprimees a la membrane plasmique des cellules, et la 
quantite de TRPCs retrouvee a la surface cellulaire augmenterait a la suite de la depletion 
du RE. L'influx de Ca2+ a partir de Pespace extracellulaire suivrait alors Pinsertion des 
canaux a la surface cellulaire (Cayouette et al. 2004, Kim et al. 2006). Le mecanisme reel 
d'activation des TRPCs reste a elucider, mais de nouvelles evidences semblent privilegier 
les modeles de couplage conformationnel et celui de translocation a la membrane 
plasmique, bien que le modele impliquant un facteur diffusible induisant l'influx de Ca 
(CIF ou calcium influx factor) ne soit pas mis de cote pour autant. D'autre part, de 
recentes etudes demontrent que la thioredoxine (Xu et al. 2008) et les protons (Semtner et 
al. 2007) peuvent reguler I'activite de TRPC5. Cependant, les mecanismes d'action de ces 
nouveaux modulateurs restent a elucider. 
Le premier modele d'activation des TRPCs dans les cellules non-excitables est base sur 
Pinteraction entre PIP3R situe au niveau du RE et les canaux ioniques membranaires. 
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Cette hypothese est derivee dumecanisme d'activation des canaux calciques dependants 
du voltage de la membrane plasmique de cellules musculaires striees ou les canaux 
interagissent directement avec le recepteur de la ryanodine situe a la membrane du 
reticulum sarcoplasmique. Dans les cellules non-excitables et suite a la depletion du 
reservoir calcique, 1TP3R detecterait la baisse de Ca2+, changerait de conformation et 
serait en mesure d'interagir et d'activer les TRPCs. Ce modele est supporte par la 
description de l'interaction directe entre l'lPaR et les TRPCs. LTP3R est l'un des 
partenaires d'interaction des TRPCs les plus etudies a ce jour. La partie N-terminale de 
ITP3R lie la region ORB (Calmodulin IP3 Receptor Binding site) situee dans la queue 
carboxy-terminale des TRPCs (Kiselyov et al. 1999; Boulay et al. 1999). L'interaction 
IP3R-TRPCS est dynamique, puisque la calmoduline competitionne pour le meme site de 
liaison (Figure 4). 
La calmoduline (CaM) est une proteine cytoplasmique capable de lier le Ca2+ et connue 
pour son implication dans la regulation de plusieurs fonctions cellulaires (Saimi et Kung, 
2002). Zhang et al. (2001) ont demontre que le C-terminal de TRPC3 liait la CaM au 
meme site que le recepteur de 1TP3 (Figure 4). Le deplacement de la CaM sur TRPC3 par 
ITP3R serait implique dans l'activation de TRPC3. II a aussi ete demontre que tous les 
TRPCs peuvent lier la CaM (Tang et al. 2001). II a ete demontre que la CaM liee au Ca2+ 
interagit avec TRPC6, et que l'inhibition de cette liaison parTutilisation d'inhibiteurs de 
la CaM empeche le ROCE de TRPC6 (Boulay 2002). Ceci indique que la CaM est 
impliquee dans la modulation du ROCE et de l'activite des TRPCs. D'autres proteines ont 
aussi ete decrites comme etant impliquees dans la regulation de l'activite des TRPCs. 
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La proteine Homer est une proteine d'echaffaudage qui medie des interactions avec des 
proteines impliquees, entre autre chose, dans la signalisation calcique (Figure 4). 
L'interaction entre PIP3R et TRPC1 serait facilitee par Homer, regulant ainsi l'activite de 
TRPC1 (Yuan et al.2003). Ce complexe TRPCl-Homer-IP3R supporterait l'hypothese du 
mecanisme d'activation des TRPCs par couplage conformationnel. De plus, il a ete 
suggere par Kim et al. (2006) qu'Homer lb ou Homer lc en complexe avec TIP3R, et non 
Homer la, facilite l'exocytose et l'endocytose de TRPC3, permettant ainsi la regulation 
de son activite. 
Recemment, les proteines STIM (stromal interacting molecule) et Orai (aussi connu sous 
le nom de CRACM) ont ete decouvertes. STIM, une proteine du RE, serait sensible a la 
concentration calcique du RE et transloquerait a la membrane plasmique en reponse a la 
depletion calcique du RE (Liou et al. 2005). Orai, une proteine a quatre segments 
transmembranaires localisee a la membrane plasmique, serait necessaire a 1'influx 
calcique dependante de la depletion du RE (SOCE pour store-operated channel) et serait 
requise dans la formation des canaux CRAC (Ca2+-release-activated Ca2+ current). 
Ces deux nouvelles proteines sont particulierement importantes dans la formation et la 
regulation du SOCE. Premierement, plusieurs groupes ont demontre que la reduction de 
l'expressioh de STIM1 ou d'Orail empeche l'activation du SOCE en reponse a la 
depletion de la reserve calcique intracellulaire. Deuxiemement, la mutation du gene Orai I 
cause un deficit immunitaire combine severe (SCID) responsable de l'absence de courant 
calcique CRAC chez des cellules T isolees de patients (Feske et al. 2005). Troisiemement, 
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Figure 4. Schema du rdle de l'IP3R, de Homer lb/c, et de la calmoduline dans 
1'activation des TRPCs. A) Dans des cellules au repos, les TRPCs inactifs sont dans le 
complexe IP3R-Homer lb/c (HI b/c)-TRPC. B, gauche) La stimulation cellulaire genere 
la production de FIP3 pour entrainer la depletion du Ca2+ contenu au reticulum 
endoplasmique (RE). Ceci dissocie l'interaction entre FIP3R et HI b/c mais pas entre le 
TRPC et FIP3R, creant le complexe EP3R-TRPC-HI b/c qui fusionne rapidement avec la 
membrane plasmique et active 1'influx de Ca2+. II se produit ainsi une hausse de la 
concentration cytoplasmique de Ca2+, permettant la restoration du contenu calcique du 
RE. B, droite) La translocation et Factivation du complexe peuvent aussi etre g6ner6es par 
la depletion du RE (sans production d'n>3, par exemple avec la thapsigargine (TG)). C) 
L'influx de Ca2+ medie par le TRPC s'arrete lors du deplacement de FIP3R lie au TRPC 
par Faction de la calmoduline liee au Ca2+ (CaM-Ca2+) qui dissocie le complexe IP3R-
TRPC par la liaison du mSme site au sein du TRPC. Le complexe HI b/c-TRPC-CaM-
Ca2+ serait ensuite internalist pour deTinitivement d6sensibiliser le systeme. 
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il a ete demontre que la surexpression combinee d'Orail et de STIM1 provoquait une 
dramatique augmentation du SOCE et du courant CRAC, alors que la surexpression 
unique d'Orail ou de STIM1 n'avait que peu d'influence sur 1'amplitude du courant 
(Zhang et al. 2006; Peinelt et al. 2006; Soboloff et al. 2006; Mercer et al. 2006). 
II est maintenant suggere qu'Orail et STIM sont suffisants pour la formation de canaux 
CRAC fonctionnels. Cependant, certaines etudes demontrent que ces proteines ne sont pas 
exclusives au canal CRAC. Recemment, il a ete demontre que STIM interagit avec les 
TRPC1, TRPC2, TRPC4 et TRPC5 (Huang et al. 2006), suggerant que STIM peut avoir 
un effet general dans la regulation de Pinflux calcique, incluant un effet sur les membres 
de la sous-famille des TRPCs. En effet, en plus de l'interaction entre STIM1 et TRPC1, il 
a ete demontre qu'Orail et STIM1 interagissent avec et contribuent au canal SOC-TRPC1 
(Ong et al. 2007). L'interaction entre Orai et TRPC1 n'est pas exclusive puisqu'il a ete 
demontre qu'Orail interagit avec les TRPC3 et TRPC6, augmentant ainsi la sensibilite de 
ces canaux a la depletion du RE (Liao et al. 2007). De futures etudes seront necessaires 
afin de comprendre l'importance d'Orail, de STIM1 et des TRPCs dans la generation et 
la regulation du SOCE. 
Le second modele d'activation des TRPCs implique l'insertion a la membrane plasmique 
de vesicules suite a la relache de Ca2+ intracellulaire. Fasolato et al. (1993) sont a la base 
de cette hypothese et demontraient que 1'entree calcique etait probablement regulee par 
une petite proteine G, qui est impliquee dans la modulation du routage vesiculate. II a ete 
demontre par Mehta et al. (2003) que 1'influx de Ca2+ chez des cellules endothelials 
HPAEC (human pulmonary arterial endothelial cells) etait observe exclusivement a la 
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suite de la translocation a la membrane plasmique du complexe TRPC1-IP3R par Taction 
de la petite proteine G Rho active. D'autres etudes ont aussi appuye ce modele 
d'activation des TRPCs. Patterson et al. (1999) ont utilise des drogues reorganisant le 
cytosquelette d'actine pour etudier l'entree calcique. La stabilisation des filaments 
d'actine sous la membrane plasmique a eu pour effet d'inhiber la fusion de vesicules. lis 
ont observe que ceci inhibait l'entree calcique par l'abolition de la signalisation entre le 
RE et la membrane, sans pour autant affecter l'activite de PIP3R. 
Des evidences demontrent que differents membres des TRPCs interagissent avec des 
proteines du complexe SNARE. Ce complexe est implique dans la fusion de vesicules 
avec la membrane plasmique (Jahn et Scheller, 2006). VAMP2 (synaptobrevin) et deux 
isoformes de SNAP (SNAP-23 et SNAP-25), tout comme la syntaxine ont ete decrites 
comme interagissant avec TRPC1 ou TRPC3 (Redondo et al. 2004, Singh et al. 2004). De 
plus, TRPC3 interagit avec a-SNAP, qui est impliquee conjointement avec la proteine 
NSF dans la dissociation du complexe SNARE. 
Des donnees appuyant aussi le mecanisme de-1'insertion des TRPCs a la membrane 
plasmique suggerent une relation entre les caveoles et l'influx de Ca2+ (Isshiki et 
Anderson, 2003). Plusieurs groupes ont demontre la co-localisation de la caveoline avec 
les TRPC1, TRPC3, TRPC4 et TRPC6 (Lockwich et al. 2000; Brazer et al. 2003; 
Lockwich et al. 2001; Torihashi et al. 2002; Cayouette et al. 2004). La caveoline est une 
proteine qui est enrichie au sein de micro-domaines de la membrane cytoplasmique, une 
region riche en sphingolipides et en cholesterol, et serait impliquee dans le routage de 
proteines membranaires. La localisation de TRPC1 a la membrane plasmique depend de 
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1'interaction directe de son N-terminal avec la caveoline-1 (Brazer et al. 2003). Ceci 
suggere que la caveoline peut etre importante dans le routage de TRPC1, et possiblement 
des autres isoformes des TRPCs, gardant le TRPC dans un environnement adequat pour 
sa regulation. 
La derniere hypothese d'activation des TRPCs implique qu'un messager cytosolique 
soluble, le CIF, soit relache du RE lors de la depletion du reservoir de Ca2+. Celui -ci 
diffuserait dans le cytoplasme pour activer les canaux de type SOCE presents a la 
membrane plasmique (Randriamampita et Tsien, 1993). Ce messager pourrait egalement 
etre genere de novo dans le cytoplasme suivant la relache calcique. Toutefois, la relache 
du CIF a partir du RE semble etre le principe ayant retenu le plus d'interet. Jusqu'ici 
aucune identification ou purification du compose n'a pu etre obtenue et ce dernier 
mecanisme d'activation des TRPCs semble etre de moins en moins supporte. 
Le mecanisme reel d'activation des TRPCs reste encore imprecis bien que les nouvelles 
evidences supportent les modeles de translocation et de couplage conformationnel. 
Cependant, avec 1'identification de STIM et d'Orai, il est plausible de croire que ce serait 
en realite un melange de ces deux hypotheses. 
Proprieties generates des TRPCs : structure et homologie 
TRPC l a ete le premier membre mammalien a etre clone (Wes et al. 1995). En resume, 
cette etude a decrit TRPC1 humain comme etant identique a 40% avec le trp de la 
drosophile. De plus, 1'absence de residu charge dans le quatrieme segment 
transmembranaire concorde avec les observations effectuees avec les trp et trpl de la 
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Drosophile qui ne sont pas des canaux dependant du voltage, suggerant ainsi que TRPC1 
n'est pas dependant du voltage. 
Sur la base de l'homologie de sequence, la sous-famille des TRPCs mammaliens peut etre 
divisee en quatre groupes (Figure 3) : I) TRPC1, II) TRPC2, qui est un pseudogene chez 
l'humain, III) TRPC3, TRPC6 et TRPC7 qui partagent 65-78% d'homologie, et 
finalement IV) TRPC4 et TRPC5 qui possedent environ 65% d'homologie, et sont 
souvent regroupes avec TRPC1 (Ramsey et al. 2006). 
Les canaux TRPCs sont formes de quatre sous-unites qui s'assemblent au sein d'une 
meme sous-famille pour former des canaux homo- ou heterotetrameriques. Ainsi, on 
retrouve une variete de possibilites d'assemblage se repercutant, entre autre, sur les 
proprietes de selectivity au Ca2+ ainsi que sur les conductances des canaux ainsi formes. 
Les sept TRPCs forment des canaux calciques situes a la membrane plasmique. Les 
TRPCs possedent deux regions terminales cytosoliques (Figure 5), six segments 
transmembranaires avec une region pore situee entre le cinquieme et le sixieme segment 
transmembranaire ainsi qu'une region hydrophobe nominee hi qui precede le premier 
segment transmembranaire. 
Les boucles extracellulaires I et II des TRPCs peuvent etre le site de N-glycosylation. La 
presence de ces sites varie selon les membres, et une etude de Dietrich et al. (2003) 
demontre que la difference observee au niveau des sites de glycosylation entre TRPC3 et 
TRPC6 (possedant respectivement un et deux sites) serait importante dans la regulation de 
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Figure 5. Modele de la topologie des TRPCs. Representation scbimatique de la 
structure a six segments transmembranaires (TM1 a TM6) des TRPCs, de differents 
domaines retrouv6s dans les portions N- et C-terminales cytosoliques, ainsi que les 
patrons de N-glycosylation dans la portion extracellulaire. La section de la queue C-
terminale en jaune est une extension retrouv^e uniquement chez TRPC4 et TRPCS et qui 
possedent un domaine PDZ. 
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leur activite basale. II est a noter que TRPC4 serait le seul membre qui ne soit pas 
glycosyle, bien que la glycosylation de TRPC1 n'ait pas ete clairement demontree. 
Les regions intracellulaires N- et C-terminales peuvent aussi etre impliquees dans la 
regulation de 1'activite des TRPCs. La portion C-terminale des TRPCs possede une region 
presumee en super-helice (coiled-coil), une region hyper-conservee appelee «TRP box», 
un motif riche en prolines, une region d'interaction avec la calmoduline et ITP3R nommee 
CIRB (Calmodulin and IP3 Receptor Binding region). De plus, un motif PDZ est present 
dans une extension du C-terminal pour les membres TRPC4 et TRPC5 (Pedersen et al. 
2005). Finalement, la portion amino-terminale comporte un motif de liaison a la 
caveoline, une region presumee en super-helice (coiled-coil) ainsi qu'un domaine 
compose de quatre repetitions similaires a l'ankyrine (domaine ANK). 
Domaine de repetions similaires al'ankyrine 
Au cours des dernieres annees, l'etude de sequences d'acides amines repetees au sein des 
proteines a connu un engouement. Parmi les sequences etudiees on retrouve les ANK et 
les repetitions riches en leucines. Contrairement a d'autres domaines d'interaction 
proteine-proteine tels que les domaines SH2 et SH3, TANK ne recommit pas des 
sequences d'acides amines ou des structures specifiques. La specificite des partenaires 
d'interaction est determinee par les residus de surface de la structure des domaines 
repetitifs. 
L'ANK est un motif habituellement forme de trente-trois acides amines. Ce motif a ete 
initialement decouvert chez une proteine regulatrice du cycle cellulaire de la levure, la 
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Swi6/Cdcl0, ainsi que chez la proteine de signalisation de la Drosophila melanogaster, 
Notch (Breeden et Nasmyth, 1987). Par la suite, le nom est venu de la proteine ankyrine 
qui possede vingt-quatre copies de ce motif (Lux et al. 1990). Chaque ANK possede deux 
helices alpha anti-paralleles reliees par une boucle, creant une conformation rappelant 
celle d'une epingle a cheveux. 
Selon la banque de donnees SMART nrdb (Schultz et al. 1998; Letunic et al. 2002) en 
date du 7 decembre 2007, il y avait 53239 repetitions similaires a l'ankyrine distributes 
dans 9345 proteines non-redondantes. Le nombre d'ANKs retrouvees dans une proteine 
varie beaucoup. Selon la revue de Mosavi et al. (2004), le cas le plus frequent serait de 
deux ou trois ANKs par proteine, et le nombre le plus eleve d'ANKs pourrait aller jusqu'a 
trente-quatre pour la proteine de 1226 acides amines EAA39756 de Giardia lamblia. Les 
proteines possedant un domaine ANK sont impliquees dans diverses fonctions cellulaires 
telles que la transcription et la regulation du cycle cellulaire, l'arrangement du 
cytosquelette, la proliferation et la differentiation cellulaire. 
Deux caracteristiques reunissent toutes les proteines possedant un domaine ANK qui ont 
ete etudiees jusqu'a maintenant, soit que le domaine ANK medie des interactions 
proteine-proteine, et qu'aucune fonction enzymatique n'a ete rapportee. L'ANK est 
retrouve chez un grand nombre de proteines biologiquement importantes. Par exemple, la 
famille des suppresseurs de tumeurs INK4, les proteines p53, Notch, IKB, et memes les 
canaux calciques TRPVs, TRPA et TRPCs sont toutes des proteines possedant un 
domaine ANK. 
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Asonistes et inhibiteur utilises pour la caracterisation des influx calciques 
Afin d'aider a la comprehension de la presente etude, je presente ici les agonistes et 
inhibiteur, ainsi que les recepteurs specifiques ou leur cible presumee. Tout d'abord, nous 
avons utilise des agonistes selectifs de GqPCR afin d'entrainer l'activation du systeme 
entrainant a la fois la production de diacylglycerol et la production d'IP3 necessaire a la 
relache du Ca2+ contenu au RE. L'angiotensine II (Angll), l'agoniste des recepteurs de 
l'angiotensine II, a ete utilise a dose saturante de 100 nM sur le recepteur de type I de 
PAngll (ATIR) surexprime. Nous avons aussi utilise en surexpression le recepteur 
muscarinique M5 (M5R) et un agoniste synthetique des recepteurs muscariniques, le 
carbachol, a dose saturante de 10 uM. En second lieu, nous avons utilise la thapsigargine, 
un inhibiteur irreversible des pompes ATP-dependante SERCAs (utilise a une dose de 1 
\iM), ce qui entraine une sortie passive du Ca2+ contenu au RE par un mecanisme 
inconnu. L'utilisation de cet inhibiteur avait pour but de caracteriser le phenomene SOCE 
sans la production d'IP3, comme c'est le cas lors de la stimulation d'un GqPCR. 
Finalement, nous avons utilise un analogue du diacylglycerol nomine l'OAG, un agent 
non hydrolysable et permeable aux membranes cellulaires. Cet agoniste a ete utilise a une 
dose de 50 uM afin de caracteriser le phenomene ROCE. Cet agoniste permet de 
caracteriser 1'influence du DAG sur 1'entree de Ca2+, en excluant toute influence 
provenant de la vidange du RE. Son mecanisme d'action est imprecis, mais il agirait par 
la stimulation directe des TRPC3, TRPC6 et TRPC7 (Spassova et al. 2006). 
BUT DE L'ETUDE 
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De nombreux efforts ont ete deployes jusqu'a maintenant afin de comprendre les 
differents mecanismes regulant l'activite des TRPCs. L'un des volets de recherche 
effectue au sein du laboratoire implique P identification et la caracterisation de proteines 
interagissant avec les TRPCs. Puisque tous les TRPCs possedent un domaine ANK et que 
ce motif est bien connu pour son implication dans des interactions proteine-proteine, 
Phypothese etait que des proteines regulatrices de l'activite des TRPCs pourraient 
interagir avec le domaine ANK. Pour identifier de nouveaux partenaires d'interaction liant 
ce domaine ANK, une librairie d'ADNc provenant de cerveaux fetaux humains a ete 
criblee par Papproche de double-hybride chez la levure, puis la specificite des nouveaux 
partenaires d'interaction a ete caracterisee par Putilisation d'approches biochimique et de 
biologie cellulaire et moleculaire. 
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ARTICLE #1 - AVANT-PROPOS 
Titre : MxA, a member of the dynamin superfamily, interacts with the ankyrin-
like repeats domain of TRPC. 
Auteurs: Marc P. Lussier, Sylvie Cayouette, Pascale K. Lepage, Cynthia L. Bernier, 
Nancy Francoeur, Marie St-Hilaire, Maxime Pinard et Guylain Boulay 
Journal: Publie dans le Journal of Biological Chemistry, Vol 280, 19393-19400, 
(2005). 
Contribution : J'ai participe au design des experiences, a la collecte et a Panalyse des 
donnees, ainsi qu'a l'ecriture et la preparation du manuscrit. 
25 
RESUME ARTICLE #1 
Les TRPCs sont proposes comme etant responsables de 1'influx calcique chez les cellules 
non-excitables. L'analyse de la sequence d'acides amines des TRPCs revele la presence 
de domaines de repetitions similaires a l'ankyrine (ANK), un des motifs les plus 
communs impliques dans des interactions proteine-proteine. En utilisant l'approche de 
double-hybride chez la levure, nous avons identifie que la deuxieme ANK de TRPC6 etait 
responsable de 1'interaction avec MxA, un membre de la superfamille de la dynamine. Par 
Putilisation d'un essai de liaison in vitro (GST-pulldown), nous demontrons que MxA 
interagit avec les TRPC1, 3, 4, 5, 6 et 7. La surexpression de MxA dans les cellules HEK 
293T augmente legerement l'influx calcique suivant la stimulation d'un recepteur GqPCR 
ou suite a la depletion du reservoir intracellulaire par la thapsigargine. La co-expression 
de MxA avec TRPC6 augmente 1'entree calcique induite par l'OAG, et reduit l'entree 
"induite par un agoniste. L'expression de mutants de MxA, deficients pour la liaison du 
GTP, entraine une faible potentiation de l'entree calcique de TRPC6 induite par l'OAG. 
Cependant, l'expression d'un mutant de MxA, qui ne peut oligomeriser mais qui peut Her 
le GTP sans l'hydrolyser, produit le m§me effet que MxA de type sauvage sur l'entree 
calcique de TRPC6 induite par l'OAG. Ces resultats demontrent que MxA interagit 
specifiquement avec la seconde repetition de l'ankyrine des TRPCs et suggerent que la 
forme monomerique de MxA regule l'activite de TRPC6 par un mecanisme necessitant la 
liaison du GTP. Des resultats supplementaires obtenus avec des cellules exprimant de 
facon stable TRPC6 demontrent qu'une augmentation de l'expression endogene de MxA, 
induite par un traitement avec l'inferferon a, regule l'activite de TRPC6. Cette etude a 
permis 1'identification de MxA comme une nouvelle proteine regulatrice impliquee dans 
la signalisation calcique. 
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Mammalian transient receptor potential canonical channels have been proposed as 
the molecular entities associated with calcium entry activity in non-excitable cells. Amino 
acid sequence analyses of TRPCs revealed the presence of ankyrin-like repeat domains, 
one of the most common protein-protein interaction motifs. Using a yeast two-hybrid 
interaction assay, we found that the second ankyrin-like repeat domain of TRPC6 
interacted with MxA, a member of the dynamin superfamily. Using a GST-pulldown and 
co-immunoprecipitation assay, we showed that MxA interacted with TRPC1, 3, 4, 5, 6, 
and 7. Overexpression of MxA in HEK 293T cells slightly increased endogenous calcium 
entry subsequent to stimulation of Gq-protein coupled receptors or store depletion by 
thapsigargin. Co-expression of MxA with TRPC6 enhanced agonist-induced or OAG-
induced calcium entry activity. GTP-binding-defective MxA mutants had only a minor 
potentiating effect on OAG-induced TRPC6 activity. However, a MxA mutant that could 
bind GTP but that lacked GTPase activity produced the same effect as MxA on OAG-
induced TRPC6 activity. These results indicated that MxA interacted specifically with the 
second ankyrin-like repeat domain of TRPCs and suggested that monomeric MxA 
regulated the activity of TRPC6 by a mechanism requiring GTP binding. Additional 
results showed that an increase in the endogenous expression of MxA, induced by a 
treatment with interferon a, regulated the activity of TRPC6. The study clearly identified 
MxA as a new regulatory protein involved in Ca2+ signaling. 
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INTRODUCTION 
The intracellular calcium concentration ([Ca2+]i) regulates many cellular functions, 
including cell growth, differentiation, contraction, and secretion. In most non-excitable 
cells, [Ca +]i elevations are initiated in response to hormones and other stimuli that 
activate phospholipase C P or y. This activation causes the hydrolysis of 
phosphatidylinositol 4,5-bisphosphate into two second messengers, inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol. IP3 activates its receptor/ channel on the 
endoplasmic reticulum and causes the first phase of [Ca2+]j elevation by releasing Ca2+ 
from the intracellular pool. The second phase of [Ca2+]i elevation involves Ca2+ entry 
from the extracellular compartment. This second phase allows the maintenance of [Ca2+]; 
at a higher than basal level, which is essential for maintaining cell functions (1-2). 
Mammalian members of the transient receptor potential canonical (TRPC) 
subfamily (TRPC 1-7) are calcium-permeable cation channels involved in the mechanism 
of [Ca2+]i elevation in cells stimulated with Gq-coupled receptors or tyrosine kinase 
receptor agonists (3-4). Functional TRPC complexes are presumed to be homo- as well as 
hetero-tetramers, and each TRPC subunit contains typical domains that likely interact 
with other proteins. There are growing efforts to identify proteins that interact with 
TRPCs and to clarify the role of these interactions in the regulation of the Ca2+ entry. The 
IP3 receptor, calmodulin, HOMER, INAD, NHERF, the a-isoform of the inhibitor of the 
myogenic family (I-mfa), and stathmin 2 (5-17) all interact with TRPCs. A typical TRPC 
subunit is composed of six membrane-spanning domains and a hydrophobic segment 
between the fifth and sixth transmembrane domains that forms the putative pore region 
29 
loop. Cytosolic N-terminus and C-terminus tails flank the six transmembrane domains. 
Each TRPC subunit possesses two coiled-coil regions (one in the N-terminus and the 
other in the C-terminus) and a hyperconserved region composed of three to four ankyrin-
like repeat domains (ARDs) in the N-terminus (18). 
ARDs are found in more than 4,000 different proteins, making one of the most 
common motifs involved in protein-protein interactions. The 33 amino acids of ARDs 
form two alpha helixes linked by a (3-hairpin /loop (19-20). When ARDs are involved in 
protein-protein interactions, most of the binding occurs at the (3-hairpin /loop region (21), 
but certain complexes can also form at the surface of the inner alpha-helixes (22). The 
ARDs of proteins like GA binding protein, p53, CDK6, and Notch (23) play a role in the 
regulation of the activity of these proteins. 
To determine which proteins can interact specifically with the ARD of TRPC6, we 
performed a yeast two-hybrid screening of a cDNA library from human fetal brain. MxA, 
an interferon-induced 76-kDa GTPase that inhibits the multiplication of several RNA 
viruses, was one of the proteins that interacted with the ARD. In the study presented here, 
we showed that the C-terminus of MxA bound to the second ankyrin-like repeat of 
TRPC6. In vitro and in vivo assays showed that MxA also interacted with TRPC1, 3, 4, 5, 
and 7 and that the overexpression of the wild-type form of MxA enhanced the channel 
activity of TRPC6. 
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EXPERIMENTAL PROCEDURES 
Materials - Cell culture media, serum, Hepes, trypsin, G418, Opti-MEM I, TRIzol, 
LipofectAMINE 2000, and TA Topo cloning kit were purchased from Invitrogen, 
(Burlington, ON). Thapsigargin, angiotensin II (Angll), carbachol (CCh), human 
interferon (IFN)-a, and fura-2/AM were purchased from Calbiochem (San Diego, CA). 
Rabbit polyclonal and mouse monoclonal anti-hemagglutinin (HA)-specific antibodies 
were purchased from BioCAN (Mississauga, ON). Anti-FLAG M2 monoclonal antibody 
was purchased from Sigma (Oakville, ON). Anti-c-myc monoclonal antibody was 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Matchmaker Two-Hybrid 
System 3 and S. cerevisiae Y187 pretransformed with a human fetal brain pool cDNA 
library were purchased from Clontech (Palo Alto, CA). ECL Plus reagents, peroxidase-
conjugated sheep anti-mouse and peroxidase-conjugated donkey anti-rabbit antibodies, 
protein A-Sepharose CL-4B, and glutathione Sepharose 4B beads were purchased from 
Amersham Pharmacia (Baie d'Urfe, QC). TNT® Coupled Reticulocyte Lysate System was 
purchased from Promega (Madison, WI). Express Protein Labeling Mix [35S]Met and 
[35S]Cys was purchased from PerkinElmer (Boston, MA). Expand High Fidelity PCR 
system was purchased from Roche Molecular Biochemicals (Laval, QC). Restriction 
enzymes were purchased from NEB (New England Biolab, Pickering, ON). Unless 
otherwise stated, all other reagents were obtained from Sigma-Aldrich. 
Molecular Biology and cDNA Constructs - Standard molecular biology techniques were 
used for DNA isolation, analysis, and cloning (24-25). Depending on their intended use, 
cDNAs were cloned into mammalian cell expression vectors pcDNA3.1 (Invitrogen) or 
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pEBFP-Cl (Clontech), the yeast expression vectors pGBKT7 or pACT2 (Clontech), the 
bacterial expression vector pGEX-4T-l (Amersham Biosciences), or the in vitro 
translation vector pAGA (26). All constructs were confirmed by sequencing from double-
stranded DNA templates using the dideoxynucleotide termination method (27). 
To obtain the full length coding region of MxA (GenBank accession # M30817), 
overlapping partial cDNA fragments were amplified from HEK 293 total RNA by RT-
PCR, subcloned into pCR2.1 (Invitrogen), and sequenced to confirm the identity of the 
inserts. MxA cDNA (nucleotides -84 to 2441) was assembled and subcloned into 
pcDNA-3.1 using a standard molecular biology approach. Mutations were introduced into 
the MxA cDNA by PCR-based site-directed mutagenesis using the Expand High Fidelity 
polymerase and the following corresponding sense primers : K83A, 5'-
GACCAGAGCTCGGGCGCTAGCTCC-3'; T103A, 5'-
AGCGGGATCGTGGCCAGATGCCC GCTG-3'; L612K, 5'-ACGTACGGCCAGCAGA 
AACAGAAG-3', and their complementary antisense primers. The resulting PCR products 
were sequenced to confirm the mutations and the integrity of the amplified fragments. The 
resulting PCR products and pcDNA3.1-MxA were digested with appropriate restriction 
endonucleases, purified, and suitable fragments were ligated together. The same strategy 
was employed to introduce the FLAG epitope (DYKDDDDK) at the N-terminus of MxA. 
To determine the IFNa-induced MxA expression in HEK 293 stably expressing 
TRPC6, cell monolayers were treated with 1,000 units/ml IFNa for 16 h. RNA was 
isolated by using TRIzol according to the manufacturer's directions. One ng of total RNA 
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was reverse transcribed in a total volume of 30 ul, with mouse leukemia virus reverse 
transcriptase according to the manufacturer's instructions by using 2.5 |ag/ul hexamer as 
primer. This reverse cDNA was then used as template for the subsequent PCR. Primers 
used were: for MxA, 5'- AACAGCTCTGTGATA CCATTTAACTTGTTG -3' and 5'-
TTCCTCCAG CAGATCCCTGAAATATGGGTG -3'; and for p-actin, 5'-
TCAAGATCATTGCTCCTCCTGAGC -3' and 5'-
TACTCCTGCTTGCTGATCCACATC -3'. PCRs were carried out for the indicated 
number of cycles by using an annealing temperature of 53°C and a 120 s elongation at 
72°C. Products were electrophoresed on 1.2% agarose gels and visualized by ethidium 
bromide staining. 
Cell Culture and Transfection - HEK 293 T cells and HEK 293 stably expressing TRPC6 
cells were maintained at sub-confluence in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal bovine serum, penicillin (50 U/ml), and streptomycin (50 
i^g/ml) at 37 °C in a humidified atmosphere containing 5% CO2. Cells were transiently 
transfected using LipofectAMINE 2000 transfection reagent. Briefly, 6-well plates were 
treated with poly-L-lysine for 30 min, rinsed with PBS, and dried. Plasmid DNA (1 \ig) 
diluted in 250 ul of Opti-MEM I was added to each well before adding 2 ul of 
LipofectAMINE 2000 diluted in 250 ul of Opti-MEM I. The mixture was incubated for 
20 min at room temperature. HEK 293T cells (7.5 x 10s) diluted in 1.5 ml of culture 
medium without antibiotic were then added to the DNA-LipofectAMINE 2000 complex 
and incubated for 16 h at 37°C in a humidified atmosphere containing 5% C02. The 
medium was then replaced by complete culture medium and the cells were incubated for a 
33 
further 24 h. For [Ca2+]j measurements, the content of a single well was trypsinized and 
plated on four poly-L-lysine-treated coverslips. To determine the transfection efficacy, 
HEK 293T cells were transfected with 1 (ag of cDNA coding for the M5 muscarinic 
receptor and the proportion of cells showing a CCh-induced Ca2+ mobilization was 
evaluated 48 h after transfection. Typically, the transfection efficacy varied between 55% 
and 65%. 
Measurement of [Ca2*]t - We used the method described by Zhu et al. (28) to measure 
[Ca2+]j. Briefly, cells attached to coverslips were washed twice with HBSS (120 mM 
NaCl, 5.3 mM KC1, 0.8 mM MgS04, 10 mM glucose, 20 mM Hepes pH 7.4, 1.8 mM 
CaCb) and loaded with fura- 2/AM (0.05 u.M in HBSS) for 20 min at room temperature in 
the dark. After washing and a 30 min de-esterification step in fresh HBSS at room 
temperature, the coverslips were inserted into a circular open-bottom chamber and placed 
on the stage of a Zeiss Axiovert microscope fitted with an Attofluor Digital Imaging and 
Photometry System (Attofluor Inc., Rockville, MD). Isolated fura-2-loaded cells were 
selected and the [Ca2+]i in these cells was measured by fluorescence videomicroscopy at 
room temperature using alternating excitation wavelengths of 334 and 380 nm and 
monitoring emitted fluorescence at 520 nm. Free [Ca2+]j was calculated from the 334/380 
fluorescence ratio according to the method of Grynkiewicz et al. (29). All reagents were 
diluted to their final concentration in HBSS and applied to the cells by surface perfusion. 
For Ba2+ entry measurements, the composition of HBSS was modified (120 mM NaCl, 
5.3 mM KC1, 0.8 mM MgCl2, 10 mM glucose, 20 mM Hepes pH 7.4, 1.0 mM BaCl2). To 
select transfected cells in the OAG-induced Ca2+ entry experiments, the medium was 
replaced by Ca2+ free HBSS (+ 0.5 mM EGTA) 3 min after OAG stimulation and 100 nM 
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Angll was added to the medium. Only cells that showed Angll-induced Ca2+ release were 
considered as transfected. The results were represented as average data obtained from 8 to 
12 coverslips, each containing 20 to 30 transfected cells. The S.E.M. were usually smaller 
than the size of the symbols. 
Immunoprecipitation Assay - Transfected cells were rinsed twice with PBS without 
Ca2+/Mg2+ (137 mM NaCl, 3.5 mM KC1, 10 mM sodium phosphate buffer, pH 7.4) and 
lysed with 600 ul of lysis buffer (150 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 5 
mM EDTA, 1 ug/ml soybean trypsin inhibitor, 0.5 ug/ml leupeptin, 100 uM 
phenylmethylsulfonyl fluoride, and 20 mM Tris-HCl, pH 8.0). The cells were incubated 
for 30 min at 4°C with gentle agitation followed by 10 passages through a 20-gauge 
needle and 5 passages through a 25-gauge needle. The solubilized material was cleared by 
centrifugation for 15 min at 13,000 rpm at 4°C. The supernatant was mixed with 2 ul of 
anti-HA antibody and 100 ul of a 50% slurry of protein A-Sepharose CL-4B and 
incubated overnight at 4°C. Before use, the protein A-Sepharose CL-4B was precoated for 
1 h at 4°C, with 0.1% bovine serum albumin in lysis buffer. Samples were centrifuged at 
room temperature for 2 min at 5,000 rpm and then washed three times with 1 ml of 
icecold lysis buffer. Immunoprecipitated proteins were dissolved in 50 ul of 2X Laemmli 
buffer and incubated for 30 min at 60°C before separation on a SDS-polyacrylamide gel 
and transfer to nitrocellulose for immunoblotting. 
Immunoblots - For immunoblots, cell lysates and immunoprecipitated proteins were 
separated by SDS-PAGE and transferred to a 0.2 um nitrocellulose membrane (Bio-Rad, 
Mississauga, ON) in 150 mM glycine, 20 mM Tris-base, and 20% methanol (350 mA, 3 h, 
35 
4°C). The blots were stained with Ponceau S to visualize marker proteins, destained with 
TBST (20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 0.3%Tween 20), and blocked for either 
3 h at room temperature or overnight at 4°C in TBST containing 5% (w/v) nonfat skim 
milk. The blots were then incubated for 3 h at room temperature or overnight at 4°C with 
rabbit anti-HA (dilution 1:1,000), mouse anti-FLAG M2 (dilution 1:1,000), or mouse anti-
c-myc antibodies (dilution 1:1,000). After three washes with TBST, the blots were 
incubated with a peroxidase-conjugated donkey anti-rabbit-IgG (1:20,000) or peroxidase-
conjugated sheep anti-mouse-IgG antibody (1:10,000) for 2 h at room temperature in 
TBST. The blots were washed three times with TBST, and the immune complexes were 
visualized with the ECL Plus detection system. 
GST Fusion Proteins & GST Pulldown Assays - The amino acids 572-662 of MxA were 
cloned in-frame into the pGEX-4T-l plasmid to express GST-fusion proteins in E. coli 
BL21. Expression of GST fusion proteins was induced with 0.2 mM isopropyl-D-
thiogalactoside for 2 h at 30°C. The cells were subsequently collected by centrifugation at 
2,500g for 15 min, sonicated in lysis buffer (20 mM Tris-HCl, pH 7.5, 1.0% Triton X-
100, 100 mM NaCl, 5 mM EDTA, 1 mM dithiothreitol, 1 |ig/ml soybean trypsin inhibitor, 
100 uM phenylmethylsulfonyl fluoride) on ice, and clarified by centrifugation for 30 min 
at 2,500g at 4°C. The clarified lysate was incubated with glutathione-sepharose beads for 
1 h at room temperature and then washed (5 times) with ice-cold lysis buffer. 
The c-myc-tagged ARD-TRPCs (TRPC3, aa 1-201; TRPC4, aa 3-183; TRPC5, aa 
1-183; TRPC6, aa 3-259; TRPC7, aa 3-195) were translated using the TNT® Coupled 
Reticulocyte Lysate System. For GST pull-down experiments, c-myc-tagged ARD-
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TRPCs were incubated for 1 h at room temperature with sepharose bead-bound GST 
fusion proteins. After washing with binding buffer, the beads were resuspended in 2X 
Laemmli buffer and boiled for 5 min before being separated by SDS-PAGE and being 
transferred to a nitrocellulose membrane for immunoblotting. 
Yeast Two-Hybrid Screening - cDNA encoding the amino acids 3-259 of TRPC6 was 
used as bait and cloned in-frame with the GAL4 DNA-binding domain in pGBKT7-BD 
and transformed into the yeast strain AH 109. AH 109 expressing the bait was then mated 
with the Y187 yeast strain pretransformed with a cDNA library from human fetal brain 
cloned into the pACT2-AD vector according to the manufacturer's instructions. Based on 
the mating efficiency and the titer of the library, 6.4 x 106 clones were screened. Mated 
yeast cells were first grown on low stringency selection plates (-Leu, -Tip, -His) and then 
on high stringency selection plates (-Leu, -Trp, -His, -Ade, +X-oe-gal). Colonies were 
tested for P-galactosidase activity and positive colonies were further segregated on (-Leu, 
-Trp, +X-a-gal) media. pACT2-AD plasmids containing the library inserts from positive 
colonies were isolated and transformed into the DH5a bacterial strain. The selected 
plasmids were then sequenced and analyzed with the blast alignment tool from NCBI 
(30). To eliminate false positive clones, cDNAs in frame with the GAL4 activating 
domain were used to transform the AH 109 yeast strain that was mated with the Y187 
yeast strain containing either a cDNA encoding amino acids 3-96 of TRPC6 (which is 
missing the ARD of TRPC6) cloned into pGBKT7-BD, or a cDNA encoding amino acids 
66-230 of human lamin C cloned into pGBKT7-BD, or the plasmid pGBKT7-BD alone. 
Mated yeast cells were plated on (-Leu, -Trp, -His, -Ade +X-oc-gal) and (-Leu, -Trp) 
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media. Only those colonies that grew only on (-Leu, -Trp) medium were considered as 
expressing a protein that could specifically interact with the ARD of TRPC6. 
Yeast Protein Extraction - Five milliliters of selective medium (-Leu/-Trp) was 
inoculated with a single yeast colony, vigorously mixed, and incubated overnight at 30°C 
on a rotating plate at 250 rpm. An aliquot (1.5 ml) of overnight culture was centrifuged 
for 5 min at 13,000g at 4°C. The pellet was dissolved in 1 ml of 0.25 N NaOH containing 
1% P-mercaptoethanol, agitated well, and incubated for 10 min on ice. Trichloroacetic 
acid (160 ul of 50%) was added to the mixture, which was mixed well and reincubated for 
a further 10 min on ice. After a 10-min centrifugation at 13,000g at 4°C, the pellet was 
washed with 1 ml of ice-cold acetone before being centrifuged for 10 min at 13,000g at 
4°C. The pellet was dried by evaporation and dissolved in 500 \xL of 2X Laemmli buffer 
containing 10% P-mercaptoethanol. Samples were boiled for 5 min, resolved on a 12% 
SDS-PAGE gel, and transferred to a nitrocellulose membrane for immunoblotting. 
RESULTS 
Based on homology with other proteins, several specific domains or motifs have 
been identified in the intracellular N- and C-termini of TRPC proteins. One of them, 
ARD, is known to play a major role in protein-protein interactions and is found in many 
types of proteins, including those involved in signal transduction. We performed an amino 
acid sequence alignment of the ARDs of 15,401 different proteins in the Pfam database 
and calculated the frequency of each amino acid and group of amino acids at precise 
positions. Amino acids present at a high frequency (in at least 10% of all ARDs) at 
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precise positions determined the "common consensus motif shown in Figure 1A. 
According to this consensus motif, amino acid insertions can be found between positions 
15-16 and between positions 25-26 of some ARDs. Also, amino acids after position 26 or 
further are deleted in some ARDs. Amino acid sequence alignments of TRPC1, TRPC4, 
and TRPC6 with the consensus motif revealed that each TRPC contained four ARDs. For 
the ARDs of TRPC 1, TRPC4, and TRPC6, 44.2%, 50.8%, and 49.2% respectively of the 
amino acids were identical to those of the consensus motif (Fig 1C). 
To identify proteins that interact with TRPCs, we performed a yeast two-hybrid 
screen of a human brain cDNA library with the amino acids 3-259 of TRPC6 as bait. 
From this initial screening, we obtained 32 potential positive clones that grew on a 
Trp/Leu/His/Ade-deficient medium, that were positive for a and p galactosidase, and that 
were in-frame with the GAL4 activating domain. To determine the specificity of their 
interactions with the ARD, each potential clone was transformed into the AH 109 yeast 
strain and mated with the Y187 yeast strain expressing either lamin C, the N-terminus of 
TRPC6 without the ARD (TRPC6 3-93), or the N-terminus of TRPC6 with the ARD 
(TRPC6 3-259). Mated yeast were plated on a high stringency medium (-Trp/-Leu/-His/-
Ade + X-a-gal) and a Trp/Leu-deficient medium. Despite the fact that all the clones were 
highly expressed in the diploid yeast (Figure 2B), only four were able to grow with 
TRPC6 3-259 but not with TRPC6 3-93 or lamin C (Figure 2A). One of the four clones 
contained a 0.8 kilobase cDNA fragment that encoded the C-terminus of MxA, a member 
of the dynamin superfamily, which has antiviral properties. 
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Lussier et al. J. Biol. Chem. (2005), Figure 1. Sequence alignment of the amino acids 
in the ARDs of human TRPC1, TRPC4, and TRPC6. (A) Frequency of amino acids at 
all positions in the alignment of 15401 ankyrin repeats from different proteins in Pfam 
protein family database (68). (B) Structure-based consensus of ARDs proposed by 
Sedgwick and Smerdon (23). Secondary structure elements in the structure are depicted 
schematically with a-helices, p-strands, and loops denoted by cylinders, arrows, and thin 
lines, respectively. (C) Amino acid sequence alignments of ankyrin repeats from human 
TRPC1 (amino acids 44-183, GenBank accession # P48995), human TRPC4 (amino acids 
29-166, GenBank accession # Q9UBN4), and human TRPC6 (amino acids 95-243, 
GenBank accession # Q9Y210) were obtained using Clustal alignment analysis. Residues 
matching the amino acids with a frequency >10% in the consensus regions of the ankyrin 
repeats shown in (A) are shaded in black and residues matching the amino acids with a 
frequency of 7.5% to 9.9% in the consensus regions of the ankyrin repeats shown in (A) 
are shaded in gray. 
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42 
Lussier et al. J. Biol. Chem. (2005), Figure 2. Amino acids 547-662 of MxA interact 
specifically with the ARD of TRPC6. (A) The S. cerevisiae Y187 strain pre-transformed 
with the GAL4 binding domain (GAL4-BD) constructs pGBKT7 (vector), pGBKT7-
human Lamin C, pGBKT7-TRPC6 (3-93), or pGBKT7-TRPC6 (3-259) were mated with 
S. cerevisiae AH 109 expressing the GAL4-activating domain (GAL4-AD) containing 
amino acids 547-662 of MxA. A high stringency selective medium (-Leu, -Trp, -His, -
Ade, +X-a-gal) was used to grow mated clones. (B) The mated clones expressing the 
constructions described in (A) were grown overnight at 30 C in selective liquid medium (-
Trp). Proteins were extracted, TCA-precipitated, resuspended in 2X Laemmli buffer, and 
analyzed by SDS-PAGE, followed by specific immunoblotting directed against the N-
terminal c-myc epitope. 
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To identify the exact region of the ARD required for the interaction with MxA, we 
made progressive deletions from the N-terminus and C-terminus of the ARD of TRPC6 
(Figure 3A) and tested for interactions using the yeast two-hybrid assay. All the deletion 
mutants of the ARD of TRPC6, as well as the empty bait plasmid pGBKT7 and lamin C, 
were transformed individually into the Y187 yeast strain and mated with the AH 109 yeast 
strain carrying the prey plasmid pACT2-MxA 547-662. Figure 3B shows that all the 
mutants of the ARD of TRPC6 were expressed in diploid yeast cells plated on a Trp/Leu-
deficient medium. However, only diploid yeast cells that expressed the TRPC6 3-159, 
TRPC6 3-196, and TRPC6 122-259 sequences were able to grow on a high stringency 
medium. In contrast, yeast cells containing the empty plasmid pGBKT7, lamin C, or the 
ARD of TRPC6 that is missing the sequence 131-157 failed to grow on a high stringency 
medium. These results pointed to the importance of the second ankyrin-like repeat of 
TRPC6 for the interaction with MxA. 
The ability of MxA to interact with the ARDs of TRPCs was confirmed by in vitro 
and in vivo binding assays. In GST pull-down experiments, the in vitro translated c-myc-
tagged ARDs of TRPC3, 4, 5, 6, and 7 were incubated with GST-MxA 572-662 or GST 
immobilized on glutathione-Sepharose 4B affinity beads. As shown in Figure 4A, 
whereas no significant binding was observed with GST alone, the c-myc-tagged ARDs of 
all the TRPCs tested were efficiently retained by GST-MxA 572-662. These results were 
confirmed in vivo with a co-immunoprecipitation approach. FLAG-tagged MxA was 
transiently co-overexpressed in HEK 293T cells with HA-tagged TRPC1, 3, 4, or 6. As 
shown in Figure 4B, TRPCs immunoprecipitated with an anti-HA antibody and 
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Lussier et al. J. Biol. Chem. (2005), Figure 3. Amino acids 547-662 of MxA interact 
specifically with the second ankyrin-like repeat of TRPC6 in a yeast two-hybrid 
assay. (A) Representation of the various GAL4-BD-TRPC6-fusion fragments used in the 
yeast two-hybrid assay for the identification of the TRPC6 region that interacts with 
MxA. (B) S. cerevisiae Y187 strains pre-transformed with the GAL4-BD-TRPC6-fusion 
fragments shown in (A) were mated with S. cerevisiae AH 109 pre-transformed with the 
GAL4-AD fused to amino acids 547-662 of MxA. A high stringency selective medium (-
Leu, -Trp, -His, -Ade, +X-a-gal) was used to grow the interacting clones. A selective 
medium (-Leu, -Trp) was also used to monitor that the mating step was correctly 
achieved. Mated clones were grown overnight at 30 C in a selective liquid medium (-Leu, 
-Trp). Proteins were extracted, TCA-precipitated, resuspended in 2X Laemmli buffer, and 
analyzed by SDS-PAGE, followed by specific immunoblotting directed against the N-
terminal c-myc epitope. 
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Lussier et al. J. Biol. Chem. (2005), Figure 4. 
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Lussier et al. J. Biol. Chem. (2005), Figure 4. MxA interacts with TRPCs. (A) GST-
pulldown assays were performed as described in experimental procedures. After in vitro 
translation, the c-myc-tagged ARDs of TRPCs were incubated for 1 h at room 
temperature with GST or GST-MxA 572-662. GST-pulldown complexes were analyzed 
by SDS-PAGE, followed by a specific immunoblotting directed against the c-myc 
epitope. (B) pcDNA3 or full length FLAG-tagged MxA were transiently transfected in 
HEK 293T cells with HA-tagged TRPC1, TRPC3, TRPC4, or TRPC6. Cells were then 
lysed and TRPC proteins were immunoprecipitated with an anti-HA antibody. 
Immunoblotting with antibodies directed against the FLAG or HA epitopes was used to 
detect FLAG-MxA and the TRPCs-HA. 
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immunoprecipitates. This typical band was found in the immunoprecipitates from TRPC1, 
3, 4, and 6. It is important to note that lysates from HEK 293T cells contained an 
endogenous protein of molecular weight similar to that of transfected FLAG-MxA (78 -
80 kDa) and this protein was non-specifically recognized by the anti-FLAG antibody. 
This endogenous protein was absent in the HA-immunoprecipitates from cells transfected 
with TRPCs alone. The interaction between TRPC6 and MxA was also seen after 
immunoprecipitating FLAG-MxA and immunoblotting for the presence of TRPC6 (data 
not shown). These results showed that MxA interacted with all TRPCs tested. 
To investigate the functional effect of MxA on TRPC6 activity, HEK 293T cells 
were co-transfected with different combinations of cDNAs coding for the ATi receptor, 
MxA, and TRPC6. TRPC6 is directly activated by OAG whereas the endogenous Ca2+ 
entry channels expressed in HEK 293T cells were not activated by OAG. As shown in 
Figure 5A, basal levels of [Ca2+]i in all fura-2-loaded transfected HEK 293T cells varied 
between 50 nM and 60 nM. When 50 uM of OAG was applied to control or MxA-
transfected cells, the [Ca2+]j reached a value of 140 nM, indicating that the expression of 
MxA did not modify endogenous OAG-induced Ca2+ entry. When TRPC6 was transfected 
into HEK 293T cells, OAG caused a rapid increase in Ca2+, which reached a plateau level 
of 180 nM. However, the co-transfection of MxA with TRPC6 enhanced OAG-induced 
Ca2+ entry, which reached a high plateau level of 225 nM. These results indicated that 
MxA potentiated the activity of TRPC6 in HEK 293T cells. 
As that it was shown of TRPC3, TRPC6 is permeable to Ba2+ whereas endogenous 
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Lussier et al J. Biol. Chem. (2005), Figure 5. MxA modulates the activity of TRPC6 
in HEK 293T cells. (A) HEK 293T cells were transfected with pcDNA3, TRPC6, or 
MxA or a combination of TRPC6 and MxA, and their intracellular Ca2+ levels were 
monitored by fura-2 spectrofluorometry. After a 1 min equilibration period, the cells were 
stimulated with 50 uM OAG. (B) HEK 293T cells were co-transfected with the M5 
muscarinic receptor and with either pcDNA3, TRPC6, MxA, or a combination of TRPC6 
and MxA. After loading with fura-2, the cells were incubated in the absence of 
extracellular Ca2+ (in the presence of 0.5 mM EGTA) for 30 s and were stimulated with 
10 uM carbachol. Ba2+ (1 mM) was then added to the extracellular medium at 200 s. Net 
Ba2+ entry was obtained by subtracting the fluorescence value at 334 nm, determined by 
the average of three values taken just before adding 1 mM extracellular Ba2+, from the 
average of three fluorescence values at 334 nm taken between 27 to 33 s after the addition 
of extracellular Ba2+. 
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Figure 5B shows that CCh-induced Ba2+ entry was very low (0.51 fluorescence units) in 
control HEK 293T cells. In MxA-transfected cells, CCh-induced Ba2+ entry was similar to 
that of control cells and increased by only 0.57 fluorescence units. In TRPC6-transfected 
cells, CCh-induced Ba2+ entry was very pronounced (2.73 fluorescence units) and, 
interestingly, was potentiated in TRPC6- and MxA-co-transfected cells (3.68 fluorescence 
units). These results further suggested that MxA potentiated the activity of TRPC6 but not 
the activity of endogenous Ca2+ entry channels. 
We also investigated the functional effect of MxA on Ca2+ entry in HEK 293T 
cells co-transfected with different combinations of cDNAs coding for the AT] receptor, 
MxA, and TRPC6. To discriminate between Angll-induced Ca2+ release and Angll-
induced Ca2+ entry, we used a Ca2+ depletion/Ca2+ readdition protocol. Fura-2-loaded 
transfected HEK 293T cells were incubated for 30 s in a Ca2+-free medium before their 
intracellular Ca2+ stores were depleted with 100 nM Angll. Once the [Ca2+]i had returned 
to the basal level, extracellular Ca2+ was restored to 1.8 mM. As shown in Figure 6A, the 
basal [Ca2+]i was approximately 60 nM in control HEK 293T cells. In the absence of 
extracellular Ca2+, 100 nM Angll produced a transient elevation in [Ca2+]i that 
corresponded to the depletion of the intracellular Ca2+ store. Upon addition of 1.8 mM 
CaCh to the external medium, a sustained entry of Ca2+ raised the [Ca2+]j to a plateau 
level of 110 nM. In MxA-transfected cells, the basal level of Ca2+ and the Angll-induced 
Ca2+ transient were similar to those observed in control cells, but Ca2+ entry upon addition 
of external Ca2+ slightly increased compared to control cells. In TRPC6-transfected HEK 
293T cells, the basal level of Ca2+ and the Angll-induced Ca2+ transient were also similar 
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Lussier et al. J. Biol. Chem. (2005), Figure 6. Co-expression of MxA and TRPC6 
decreases the store-operated Ca2+ entry in HEK 293T cells. (A) HEK 293T cells were 
co-transfected with the ATi receptor and either pcDNA3, TRPC6, MxA, or a combination 
of TRPC6 and MxA. After loading with fura-2, the cells were incubated in the absence of 
extracellular Ca2+ (in the presence of 0.5 mM EGTA) for 30 s before being stimulated 
with 100 nM Angll. External Ca2+ (1.8 mM) was restored at 205 s. (B) HEK 293T cells 
were transfected either with pcDNA3, TRPC6, MxA, or a combination of TRPC6 and 
MxA. After loading with fura-2, the cells were incubated in the absence of extracellular 
Ca2+ (in the presence of 0.5 mM EGTA) for 30 s before being stimulated with 1 uM TG. 
CaCl2 (1.8 mM) was then added to the extracellular medium at 360 s. 
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significantly compared to control cells and reached a high plateau level of 160 nM. When 
MxA was transiently co-transfected with TRPC6, Ca2+ entry reached a relatively low 
plateau level of 135 nM. These results suggested that the combination MxA and TRPC6 
affects endogenous Ca + entry activity. To verify this hypothesis, we measured store-
operated Ca2+ entry with thapsigargin (TG), which releases Ca2+ from intracellular stores 
by specific inhibition of microsomal Ca2+-ATPase activity. Depletion of Ca2+ stores 
activates store-operated Ca2+ entry in a variety of cell types (32). As shown in Figure 6B, 
in a Ca2+-free medium, the basal level of Ca2+ in HEK 293T cells was approximately 100 
nM. Addition of TG produced a transient elevation in [Ca2+]j that slowly returned to the 
basal level. Upon addition of 1.8 mM CaCh to the external medium, the [Ca2+]j reached a 
high plateau level of 200 nM. In cells transfected with TRPC6, store-operated Ca2+ entry 
was the same as that observed in control cells. These results demonstrate that TRPC6 was 
not activated by depletion of the internal Ca2+ stores, as previously reported in other 
studies (33-34). In MxA-transfected HEK 293T cells, TG-induced Ca2+ entry reached a 
plateau level of 225 nM, which was significantly higher than that in control cells. 
However, in cells co-transfected with MxA and TRPC6, TG-induced Ca2+ entry reached a 
plateau level of 190 nM, which was significantly lower than that in control cells. These 
results demonstrate that co-expressed MxA and TRPC6 decreased endogenous store-
operated calcium entry activity of HEK 293T cells. 
As reported in previous studies, binding of GTP is required for complete activation 
of MxA. GTP binding-deficient mutants (MxA K83A and MxA T103A) (35, 36) were 
used to determine the role of GTP in the modulation of TRPC6 activity by MxA. HEK 
293T cells were transfected with TRPC6 and with or without MxA, MxA K83A, or MxA 
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T103A. In TRPC6-transfected HEK 293T cells, the basal level of Ca2+ varied between 80 
nM and 95 nM and OAG caused a substantial increase in [Ca2+]j, which reached a plateau 
level of 145 nM within about 2 min (Figure 7B). Co-expression of MxA increased that 
plateau level to 180 nM, whereas co-expression of GTP binding-deficient mutants MxA 
K83A or of MxA T103A, at levels similar to that of MxA (Figure 7A), did not modify 
OAG-induced Ca2+ entry through TRPC6 (Figure 7B). However, co-transfection with the 
GTP hydrolysis-deficient mutant MxA L612K, that retained its capacity to bind GTP (37, 
38), enhanced OAG-induced Ca2+ entry through TRPC6 to the same extent as wild-type 
MxA. In co-immunoprecipitation experiments, GTP binding-deficient mutants retained 
the capacity to interact with TRPC6 (data not shown). These results suggest that the 
potentiating effect of MxA on TRPC6 activity was highly dependent on the binding of 
GTP to MxA. 
To determine whether endogenous MxA could regulate the activity of TRPC6, 
cells were treated with 1000 U/ml of IFNcc for 24 hours. As shown in Figure 8A, 
treatment with IFNa significantly increased the endogenous expression of MxA in cells 
stably expressing TRPC6. The treatment did not affect the CCh-induced Ca2+ transient, 
indicating that the activities of the muscarinic receptor, the IP3 receptor, the phospholipase 
C, and the Ca2+-ATPase had not been affected (Figure 8B). In untreated cells, restoration 
of extracellular Ca2+ to 1.8 mM caused a rapid increase in [Ca2+]i, which reached a high 
level of 245 nM. Similarly to results obtained with cells transiently transfected with MxA 
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Lussier et al. J. Biol. Chem. (2005), Figure 7. GTP binding to MxA is important for a 
maximal increase in TRPC6 activity. (A) HEK 293T cells were co-transfected with a 
combination of TRPC6 and FLAG-tagged wild-type or mutant MxA. Cells were lysed 
and proteins were analyzed by SDS-PAGE, followed by a specific immunoblotting 
directed against the FLAG epitope. (B) HEK 293T cells were co-transfected with AT] 
receptor and either TRPC6 or a combination of TRPC6, and wild-type or mutant MxA, 
and their intracellular Ca2+ levels were monitored by fura-2 spectrofluorometry. After a 1 
min equilibration period, the cells were then stimulated with 50 uM OAG at 60 s. 
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Lussier et al. J. Biol. Chem. (2005), Figure 8. INFa enhances the expression of MxA 
and modulates the activity of in HEK 293 cells stably expressing TRPC6. (A) HEK 
293 cells stably expressing TRPC6 were treated with 1000 U/ml IFNa, their RNA was 
extracted and reverse transcribed. The resulting reverse-strand cDNA was used as 
template for RT-PCR with appropriate MxA primers, for the indicated number of cycles. 
P-actin was included as a control for template levels. (B) HEK-293 cells stably expressing 
TRPC6 were plated on poly-lysine-treated coverslips as described in Experimental 
Procedures. The cells were then treated with 1000 U/ml INFa and incubated at 37°C for 
24 h. The cells were then loaded with fura-2 and their [Ca2+]j was measured as described 
in Experimental Procedures. After a 1 min equilibration period, the cells were stimulated 
with 10 uM CCh. (C) Same as (B), except that cells were stimulated with 50 uM OAG. 
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CCh-induced Ca2+ entry (Figure 8B). Similar results were obtained with a TG-induced 
Ca entry protocol (data not shown). Additionally, as also observed with MxA-
transfected cells(Figure 5A), treatment with 1000 U/ml IFNoc enhanced OAG-induced 
Ca entry (Fig 8C). These results strongly suggest that the endogenously expressed MxA 
can also regulate the activity of TRPC6. 
DISCUSSION 
In the study presented here, we demonstrated that the C-terminus of MxA 
interacted with the second ankyrin-like repeat of all TRPCs and enhanced the activity of 
TRPC6. ARDs are 33-residue sequence motifs found in over 4,000 proteins and are 
defined as a P-hairpin-helix-loop-helix ((32a2) structures responsible for protein-protein 
interactions (19-20). An evaluation of the ARD sequences of all these proteins revealed a 
common consensus motif. The ARDs of TRPCs had some sequence deviations compared 
to the common consensus motif. The most noticeable deviations were amino acid 
insertions after the second helix of the first and third ankyrin repeats as well as amino acid 
deletions after the second helix of the second ankyrin repeat. Other proteins also exhibit 
some distinctive variations in their ARDs. For example, the NMR and X-ray analyses of 
IKBO, and of the yeast protein Swi6 structures showed that these proteins have insertions 
in the connecting linkers of their ARDs that form an additional helix (39-41). Swi6 also 
has a shorter P-hairpin section between two of its helix-loop-helix motifs. These 
variations, however, do not affect the functionality of the ARDs, which are important for 
the biological functions of IKBO, and Swi6. It is thus likely that the insertions and 
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deletions in the ARDs of TRPCs do not affect their basic structures and that these ARDs 
can play a significant functional role. 
As MxA is a member of the large dynamin GTPase superfamily and enhances the 
activity of TRPC6, we considered the possibility that MxA could be involved in the 
trafficking of TRPC6. We and others have shown that some TRPCs undergo exocytosis 
insertion after cell stimulation (42-44). Interestingly, the deletion of the first 131 amino 
acids of TRPC6, a sequence that contains the first predicted ARD, blocks the routing of 
TRPC6 to the plasma membrane (45). Also, Wedel et al. (46) reported that the deletion of 
the first 199 amino acids of TRPC3, a sequence that contains the entire ARD, causes 
intracellular retention with no detectable labeling of the plasma membrane and a loss of 
function of TRPC3 in response to methacholine or OAG. A shorter deletion of the first 27 
amino acids of TRPC3, a sequence just upstream from the ARD, produced a functional 
channel that was still able to enhance OAG-induced Ca2+ entry. However, co-expression 
with MxA did not significantly increase the amount of TRPC6 at the plasma membrane 
and did not enhance its maturation process (data not shown). Nevertheless, we do not rule 
out the possibility that MxA could be involved in the intracellular trafficking of TRPCs 
and this phenomenon would not be observed in overexpression conditions. Further studies 
are needed to provide a clear answer to this important question. 
Until now, the unique cellular role attributed to MxA is the protection of cells 
against viral infections (for review see 47). While the exact mechanism of action of MxA 
is unclear and seems to vary depending on the nature of the infecting virus, we identified 
some similarities in the antiviral activity of MxA and its TRPC6 regulatory activity. Like 
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the interaction with the ARDs of TRPCs, the last stretch of amino acids at the C-terminus 
of MxA, that is predicted to be a leucine zipper (48), also interacts with viral particles and 
is important for the specificity of the antiviral activity (36, 49-50). This feature is 
conserved in classic dynamin, which contains, in its C-terminus, a proline-rich domain 
responsible for its interaction with many proteins involved in trafficking, including 
amphiphysin and endophilin (51-52) or in signal transduction, including calcineurin, 
Gbr2, and phospholipase C y (53-55). Another similarity between the antiviral activity of 
MxA and its TRPC6 regulatory activity is its requirement for GTP binding but not for 
GTPase activity (35-38). These results strongly suggest that MxA uses an identical 
mechanism of action to regulate Ca2+ signaling and to protect cells against viral 
infections. 
MxA may act by interfering the formation of vesicles responsible for the 
intracellular trafficking of TRPC6. While MxA is generally considered to be cytosolic, in 
some cell types it is associated with the smooth endoplasmic reticulum or the cytoskeleton 
(47, 56-57). In addition, it was demonstrated that MxA can bind to lipids and modulate 
the shape of membranes in vitro (57). As with classic dynamin (58-62), MxA can self-
assemble into large oligomeric complexes, forming rod or ring-like structures (61), and 
the leucine zipper in the C-terminus of MxA is responsible for this oligomerization step 
(37, 66). MxA interacts with the nucleocapsid proteins of some viruses and mislocates 
them into a membrane-associated, large perinuclear complex (63-65). However, the 
L612K MxA mutant, which enhances that activity of TRPC6 as efficiently as wild-type 
MxA, is unable to form oligomers (38, 66). These results suggest that monomeric MxA 
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modulates the activity of TRPC6 and, most likely, this does not require the formation of 
vesicles. 
Ca entry through endogenously expressed TRPCs in HEK 293T cells was 
slightly enhanced by MxA. This effect was stronger when Ca2+ entry was caused by 
emptying the endoplasmic reticulum with TG. In cells expressing TRPC6, Ca2+ entry was 
significantly modified by the co-expression of MxA. On the one hand, MxA clearly 
increased the activity of TRPC6 when protocols that measured direct activation with OAG 
or CCh-induced Ba2+ entry were used. On the other, MxA decreased (by about 50%) the 
net entry of Ca2+ into cells when protocols that measured Angll-induced Ca2+ entry or TG-
induced Ca2+ entry were used. Similar results were obtained with cells treated with IFNa, 
a cytokine known to induced an antiviral activity in HEK 293 cells (67). In wild-type 
HEK 293T cells, agonist-induced and TG-induced Ca2+ entry is dependent on the content 
of the intracellular Ca2+ store. This process is known as store-operated Ca2+ entry (SOCE). 
Interestingly, HEK 293T cells overexpressing TRPC6 display a Ca2+ entry process that is 
highly dependent on the activation of a Gq-protein coupled receptor. This process is 
known as receptor-operated Ca2+ entry (ROCE) (33-34). In our system, the co-expression 
of MxA and TRPC6 likely caused a reduction in the SOCE, but an increase in the ROCE, 
which resulted in an agonist-induced Ca2+ entry that was similar to that of control cells. A 
reasonable explanation for the reduction in the SOCE could be that MxA increases or 
stabilizes the interaction of TRPC6 with an essential, but limited protein or factor 
necessary for the SOCE, making it unavailable for the activation of endogenous SOCE 
channels. Another possibility could be that.MxA is involved in the process of a post-
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translational modification such as a sumoylation. Previous yeast two-hybrid screenings 
have shown an interaction of Mxl (a mouse ortholog of MxA) with proteins such as 
SUMO (small ubiquitin-related modifier)-1, Uba2, Ubc9, and PIASl,that are implicated 
in the sumoylation process. These studies also revealed interactions between Mxl and 
PML and SP100, proteins that can be sumoylated (69). Sumoylation is a post-
transcriptional modification that influences the activity of many proteins (70). For 
example, sumoylation of GLUT1 and GLUT4, two insulin-sensitive glucose transporters, 
have opposite effects on their activities (71). In this context, MxA could be implicated in 
sumoylation, or in other post-transcriptional modification processes, that could influence 
TRPCs activity. Further studies are needed to clarify the exact mechanism by which MxA 
regulates the activity of TRPCs, whether it be through a modulatory interaction or through 
a post-translational modification. 
In conclusion, this study provided evidence that MxA is a binding partner that interacts 
with the ARDs of TRPCs and that can modulate, directly or indirectly, the activity of 
TRPC6. The binding of GTP to MxA appears to be important for its ability to modulate 
TRPC6 activity. These results further demonstrate the importance of ARDs for the correct 
activation and localization of TRPCs. 
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RESUME ARTICLE #2 
Les canaux calciques «Transient receptor potential canonical)) mammaliens (TRPCs) sont 
responsables de 1'influx calcique chez les cellules non-excitables. La queue N-terminale 
de tous les TRPCs possede un domaine de repetitions similaires a l'ankyrine. Par 
Putilisation de la technique de double-hybride chez la levure pour cribler une librairie 
d'ADNc, nous avons identifie que RNF24, une nouvelle proteine membranaire possedant 
un domaine RING-H2, interagit avec le domaine de repetitions similaires a l'ankyrine de 
TRPC6. Des essais de liaison in vitro (GST-pulldown) et de co-immunoprecipitation 
demontrent que RNF24 interagit avec tous les TRPCs. Des essais de marquage de la 
membrane plasmique demontrent que 1'expression des TRPC3, TRPC4 et TRPC6 est 
reduite a la surface des cellules HEK 293T lorsque transitoirement co-exprimes avec 
RNF24. Ce phenomene est specifique aux TRPCs puisque Pinsertion du recepteur de 
l'EGF, endogene ou surexprime, a la membrane plasmique des cellules HEK 293T n'est 
pas affectee par l'expression de RNF24. La microscopie confocale demontre que TRPC3 
et TRPC6 co-localisent avec RNF24 dans un compartiment juxta-nucleaire, et demontre 
aussi que RNF24 co-localise avec 1'enzyme mannosidase II, un marqueur specifique du 
Golgi median. L'approche de marquage metabolique demontre que l'expression de 
RNF24 n'affecte pas le processus de maturation de TRPC6. De plus, dans les cellules 
HEK 293T stimulees par le carbachol, RNF24 n'affecte pas l'influx calcique endogene ou 
du a la surexpression de TRPC6. Ces resultats indiquent que RNF24 interagit avec les 
TRPCs au niveau de l'appareil de Golgi, affectant le routage intracellulaire de ceux-ci. 
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TRPCs function as cation channels in non-excitable cells. The N-terminal tails of 
all TRPCs contain an ankyrin-like repeat domain, one of the most common protein-
protein interaction motifs. Using a yeast two-hybrid screening approach, we found that 
RNF24, a new membrane RING-H2 protein, interacted with the ankyrin-like repeat 
domain of TRPC6. GST pull-down and co-immunoprecipitation assays showed that 
RNF24 interacted with all TRPCs. Cell surface-labelling assays showed that the 
expression of TRPC6 at the surface of HEK 293T cells was greatly reduced when it was 
transiently co-transfected with RNF24. Confocal microscopy showed that TRPC3 and 
TRPC6 co-localized with RNF24 in a perinuclear compartment and that RNF24 co-
localized with mannosidase II, a marker of the Golgi cisternae. Using a pulse-chase 
approach, we showed that RNF24 did not alter the maturation process of TRPC6. 
Moreover, in HEK 293T cells, RNF24 did not alter carbachol-induced Ca2+ entry via 
endogenous channels or TRPC6. These results indicate that RNF24 interacts with TRPCs 




The regulation of intracellular calcium concentrations ([Ca2+]0 plays a central role 
in secretion, contraction, cell growth, differentiation, and apoptosis. In non-excitable cells, 
the elevation of [Ca2+]j is biphasic in response to hormones that activate phospholipase C 
(PLC)-linked receptors. The activation of PLC catalyzes the hydrolysis of phospholipid 
phosphatidylinositol 4, 5-bisphosphate, resulting in the formation of two important second 
messengers, inositol 1, 4, 5-trisphosphate (IP3) and diacylglycerol. IP3 initiates the first 
phase of [Ca2+]s elevation by triggering Ca2+ release from the intracellular store. The 
second phase of [Ca2+]j elevation, which is essential for cellular functions, involves the 
sustained entry of Ca2+ from the extracellular compartment that maintains the [Ca2+]i 
higher than the basal level [1, 2]. 
Members of the TRPC1-7 subfamily are believed to function as Ca2+-permeable 
cation channels [3]. Functional TRPC channels are presumed to be homo- as well as 
heterotetramers, and each subunit contains domains that interact with proteins or are 
involved in channel assembly. A typical TRPC subunit is composed of six membrane-
spanning segments with the putative pore region loop between the fifth and sixth 
transmembrane segments. The amino and carboxy termini of each subunit are cytoplasmic 
and the presence of a coiled-coil domain is predicted on both termini. Also, the amino 
terminus contains a well-conserved region similar to the ankyrin-repeats domain (ARD). 
The ankyrin repeat is a 33-residue sequence motif that forms two alpha-helixes linked by 
a (3-hairpin/loop and is involved in protein-protein interactions [4, 5]. Amino acid 
sequence alignments of TRPCs with the consensus motif of ARD revealed that TRPCs all 
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contain four repeats [6]. Proteins that interact with an ARD can bind to the p-hairpin/loop 
region of the motif and to the inner surfaces of the alpha-helixes [7, 8]. 
In our search for potential specific partners that interact with the ARD of TRPC6, 
we performed a yeast two-hybrid screening of a human foetal brain cDNA library. We 
previously reported that MxA, a member of the dynamin superfamily, interacts with 
TRPC6 and modulates its activity [6]. In the study presented here, we report that a second 
protein, RNF24, interacted specifically with the ARDs of TRPC1, -3, -4, -5, -6, and -7. 
RNF24 is an intrinsic membrane protein that contains a C3H2C3 RING finger domain and 
is localized in the Golgi apparatus. The overexpression of RNF24 did not affect the CCh-
induced Ca2+ entry via TRPC6. Furthermore, while RNF24 did not affect the maturation 
process of TRPC6, it significantly reduced its cell surface expression. Our results suggest 
that RNF24 interacts with TRPCs in the Golgi apparatus and affects their intracellular 
trafficking. 
2. EXPERIMENTAL PROCEDURES 
2.1-Materials. 
Cell culture media, serum, Hepes, trypsin, Opti-MEM I, LipofectAMINE 2000, 
TA Topo cloning kits, and Zero Blunt Topo PCR cloning kits were purchased from 
Invitrogen (Burlington, ON, Canada). Carbachol and fura 2/AM were from Calbiochem 
(San Diego, CA, USA), rabbit polyclonal and mouse monoclonal anti-hemagglutinin 
(HA)-specific antibodies were from Covance (Berkeley, CA, USA), rabbit polyclonal 
anti-TRPC6 was from Chemicon (Temecula, CA, USA), rabbit polyclonal anti-
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mannosidase II antibody was a kind gift from Dr. Marilyn G. Farquhar (Department of 
Cellular and Molecular Medicine, UCSD, La Jolla, CA, USA), mouse monoclonal anti-
IP3R.3 and rabbit polyclonal anti-FKBP12 were from Affinity Bioreagent (Golden, CA, 
USA), mouse anti-c-myc 9B11 monoclonal antibody and rabbit anti-EGFR polyclonal 
antibody were from Cell Signaling Technology (Danvers, MA, USA), rhodamide Red-X-
conjugated goat anti-mouse IgG, and AlexaFLUOR 488-conjugated goat anti-rabbit 
antibody were from Molecular Probes (Eugene, OR, USA), peroxidase-conjugated donkey 
anti-rabbit antibodies, peroxidase-conjugated sheep anti-mouse antibodies, protein A-
sepharose CL-4B, glutathione-sepharose 4B and Biomax MR films were from GE 
Healthcare (Baie d'Urfe, QC, Canada), Matchmaker Two-Hybrid-System 3 and S. 
cerevisiae Y187 pretransformed with a human foetal brain pool cDNA library in pACT2 
were from Clontech (Palo Alto, CA, USA), the TNT® coupled reticulocyte lysate system 
was from Promega (Madison, WI, USA), Western Lightning Chemiluminescence Reagent 
Plus, 0.2 um nitrocellulose membranes, and Express Protein Labelling Mix [35S] Met/Cys 
were from PerkinElmer Life Sciences (Woodbridge, ON, Canada), all primers and 
oligonucleotides were from Integrated DNA Technologies (Coralville, IA, USA), Expand 
High Fidelity enzyme was from Roche Molecular Biochemicals (Laval, QC, Canada), 
Phusion High-Fidelity DNA polymerase was from Finnzymes (Espoo, Finland), 
restriction enzymes were from New England Biolab (Pickering, ON, Canada), and unless 
otherwise stated, all other reagents were from Sigma or Laboratoire MAT (Quebec City, 
QC, Canada). 
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2.2 - Molecular Biology and cDNA Constructs. 
Standard molecular biology techniques were used for DNA isolation, analysis and cloning 
[39, 40]. Depending on their ultimate use, cDNAs were cloned into mammalian cell 
expression vector pcDNA3.1, pcDNA3.1/mycHIS (Invitrogen), or pEGFP-Cl (Clontech), 
yeast expression vector pGBKT7 or pGADT7 (Clontech), or bacteria expression vector 
pGEX-4T-l (GE Healthcare). All constructs were confirmed by sequencing from double-
stranded DNA templates using the dideoxynucleotide termination method [41]. 
To obtain the full-length coding region of RNF24 (GenBank accession # 
NM007219), a cDNA fragment was amplified from HEK 293 total RNA by reverse-
transcription-PCR, subcloned into pCR2.1 (Invitrogen), and sequenced to confirm the 
identity of the insert. RNF24 cDNA (nucleotides -68 to 504) was subcloned into the 
EcoRI site of pcDNA-3.1 using standard molecular biology techniques. The c-myc/HIS 
epitope was introduced at the C-terminus of RNF24 by substituting the stop codon with a 
Sail restriction site using a PCR-based approach. The PCR fragment was then subcloned 
into pcDNA3.1-c-myc/HIS, which yielded in-frame constructs expressing epitope-tagged 
RNF24. cDNA encoding RNF24 was subcloned in-frame with the HA-epitope of 
pcDNA3.0-HA (a generous gift from Dr. Jean-Luc Parent, University of Sherbrooke [42] 
and pEGFP-Cl (Clontech) to introduce the HA epitope and EGFP into the N-terminus of 
RNF24, respectively. Point mutations in TRPC6 were introduced using a PCR-based site-
directed mutagenesis strategy. The PCR fragment was subcloned into pCRII-blunt 
(Invitrogen) followed by sequencing, and was then introduced into HA-tagged TRPC6 in 
pcDNA3.1. 
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2.3 - Cell Culture and Transfection. 
HEK 293T cells were maintained at sub-confluence in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% foetal bovine serum (FBS), penicillin (50 
U/ml), and streptomycin (50 (ig/ml) at 37°C in a humidified atmosphere containing 5% 
CO2. Cells were transiently transfected using LipofectAMINE 2000 transfection reagent. 
Briefly, 6-well plates were treated with poly-L-lysine for 30 min, rinsed with PBS, and 
dried. A DNA plasmid (1 \ig) diluted in 250 ul Opti-MEM I was added to one well before 
adding 2.5 ul of LipofectAMINE 2000 diluted in 250 ul Opti-MEM I. The mixture was 
incubated for 20 min at room temperature. HEK 293T cells (7.5 x 105) diluted in 1.5 ml of 
culture medium without antibiotics were added to the DNA-LipofectAMINE 2000 
complex in the wells and incubated for 16 h at 37°C in a humidified atmosphere 
containing 5% CO2. The medium was then replaced by complete culture medium and the 
cells were incubated for a further 24 h. For [Ca2+]j measurements and 
immunofluorescence analyses, the content of a single well was trypsinized and spread on 
three poly-L-lysine-treated coverslips. 
2.4 - Immunoprecipitation. 
Transfected cells were washed twice with PBS (137 mM NaCl, 3.5 mM KC1, 0.9 
mM CaCl2, 1 mM MgCb, 10 mM sodium phosphate buffer, pH 7.4) and lysed with 1 ml 
of ice-cold lysis buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 
5 mM EDTA, 20 mM Tris-HCl, pH 8.0, 1 ng/ml soybean trypsin inhibitor, 5 ug/ml 
leupeptin, and 100 uM phenylmethylsulfonyl fluoride). The cells were incubated for 30 
min at 4°C with gentle agitation followed by ten passages through a 20-gauge needle and 
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five passages through a 25-gauge needle. The solubilized material was cleared by 
centrifugation for 15 min at 4°C at 14,000 g. The supernatant was mixed with 1 ul of anti-
HA monoclonal antibody (1:1000) and 30 |j.l of a 50% protein A-Sepharose CL-4B slurry 
followed by an overnight incubation at 4°C. Samples were then centrifuged for 3 min at 
4°C at 5,500 g and washed three times with 1 ml of ice cold lysis buffer. 
Immunoprecipitated proteins were dissolved in 40 ul of 2X Laemmli buffer and incubated 
for 30 min at 60°C before being separated on a 7% SDS-polyacrylamide gel (for TRPCs) 
or a 16.5% Tris-tricine polyacrylamide gel (for RNF24), after which the proteins were 
transferred to a nitrocellulose membrane for immunoblotting. 
2.5 - Cell Surface Biotinylation. 
We used a previously described method to biotinylate cell surface proteins [36]. 
Briefly, transfected HEK 293T cells were grown for 40-48 h in 6-well plates, placed on 
ice, washed twice with ice-cold PBS, and incubated for 60 min at 4°C with 2 mg of NHS-
SS-biotin (Pierce Biotechnology, Rockford, IL, USA) diluted in 1 ml of ice-cold PBS. 
The biotinylation reaction was terminated by washing the cells three times with ice-cold 
PBS containing 20 mM glycine. The cells were then lysed with 1 ml of ice-cold lysis 
buffer for 30 min at 4°C. Cell extracts were homogenized by ten passages through a 25-
gauge needle and cleared by centrifugation for 15 min at 4°C at 14000 g. The supernatant 
was added to 100 ul of streptavidin-agarose beads (Pierce) (50%) slurry, pre-equilibrated 
in lysis buffer) and incubated for 16 h at 4°C. The biotinylated proteins-streptavidin-
agarose complexes were harvested by centrifugation and washed three times with lysis 
buffer. The beads were then resuspended in 2X Laemmli buffer and incubated at 60°C for 
30 min before SDS-PAGE fractionation and Western blotting. 
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2.6 - Immunoblotting. 
Cell lysates and immunoprecipitated proteins separated by polyacrylamide gel 
electrophoresis were transferred to a 0.2 um nitrocellulose membrane (PerkinElmer) in 
150 mM glycine, 20 mM Tris-base, and 20% methanol (350 mA for 3 h or 100 mA 
overnight at 4°C). The blots were stained with Ponceau S to visualize marker proteins, 
destained with TBST (20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 0.3% Tween 20), and 
blocked for either 1 h at room temperature or overnight at 4°C in TBST containing 7% 
[w/v] nonfat skim milk. The blots were then incubated for either 2.5 h at room 
temperature or overnight at 4°C with primary specifics antibodies (rabbit or mouse anti-
HA (1:1,000), rabbit anti-TRPC6 (1:300), mouse anti-c-myc antibody 9B11 (1:1,500), 
mouse anti-IP3R3 (1:2,500), rabbit anti-FKBP12 (1:1,000)). After three washes with 
TBST, the membranes were incubated with a peroxidase-conjugated donkey anti-rabbit-
IgG (1:50,000) or peroxidase-conjugated sheep anti-mouse-IgG (1:30,000) for 1.5 h at 
room temperature in TBST. The blots were washed three times with TBST and the 
immune complexes were visualized using the Western Lightning Chemiluminescence 
Reagent Plus detection system as described by the manufacturer. 
2.7 - GST-fusion Proteins and GST Pull-down Assays. 
Amino acids 98-148 of RNF24 were cloned in-frame into pGEX-4T-l to express 
GST-fusion proteins in E. coli BL21. The expression of the GST fusion proteins was 
induced by incubating the cells with 0.2 mM IPTG for 2 h at 30°C. The cells were 
subsequently collected by centrifugation for 15 min at room temperature at 2,500 g, 
sonicated in binding buffer (20 mM Tris-HCl, pH 7.5, 1.0% Triton X-100, 100 mM NaCl, 
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5 mM EDTA, 1 u.g/ml of soybean trypsin inhibitor, 100 uM phenylmethylsulfonyl 
fluoride, 1 mM dithiothreitol) on ice, and clarified by centrifugation for 30 min at 4°C at 
14,000 g. The clarified lysate was incubated with glutathione-sepharose beads for 90 min 
at room temperature and then washed five times with ice-cold lysis buffer. 
For the GST pull-down assays, the GST-fusion proteins bound to the glutathione-
sepharose beads were washed three times in IX binding buffer and were distributed (30 
ul) into Eppendorf tubes. The c-myc tagged ARD-TRPCs in pGBKT7 (TRPC1, amino 
acids 3-200; TRPC3, amino acids 1-201; TRPC4, amino acids 3-183; TRPC5, amino 
acids 1-183; TRPC6, amino acids 3-259; TRPC7, amino acids 3-195) were translated 
using the TNT® Coupled Reticulocyte Lysate System. The GST-fusion proteins were 
bound to the beads and the translated c-myc-tagged ARD-TRPCs were incubated for 1 h 
at room temperature. After washing with binding buffer, the beads were resuspended in 
2X Laemmli buffer and boiled for 5 min. They were then separated by SDS-PAGE and 
transferred to nitrocellulose membranes for immunoblotting. 
2.8 - Yeast Two-hybrid Screening. 
Yeast two-hybrid screening was performed as described previously [6]. Briefly, 
yeast strain AH109 was transformed with pGBKT7-TRPC6 3-259, mated with yeast 
strain Y187 containing the cDNA library according to the manufacturer's instructions, 
and spread on selection plates. To determine the region of TRPC6 involved in the 
interaction with amino acids 98-148 of RNF24, yeast strain Y187 was transformed with 
the different pGBKT7-bait constructs, mated with yeast strain AH 109 transformed with 
pACT2-RNF24 98-148, and spread on selection plates. 
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2.9 - Indirect Immunofluorescence Confocal Microscopy. 
HEK 293T transfected cells grown overnight on 25 mm poly-L-lysine treated glass 
coverslips were washed twice in room temperature PBS and fixed with ice-cold 3% 
paraformaldehyde (PFA) in PBS for 30 min at room temperature. The cells were washed 
twice in quenching buffer (50 mM Tris-HCl, pH 7.5, 100 raM NaCl, 125 mM glycine) 
and once with PBS. They were then permeabilized with 0.1% Triton X-100 in PBS for 30 
min at room temperature. Non-specific binding was blocked with 2% bovine serum 
albumin (BSA) in PBS for 1 h at room temperature after which the cells were incubated 
for 1 h at room temperature with primary antibodies diluted in 1% BSA in PBS, washed 
three times with 0.1% BSA in PBS, and incubated for 45 min at room temperature with 
the secondary antibodies coupled to fluorophore diluted in 1% BSA. The coverslips were 
washed twice in PBS, mounted in 1% n-propyl-gallate in a 1:1 mix of PBS and glycerol, 
and examined using an inverted confocal laser-scanning microscope (FV1000, Olympus) 
equipped with a PlanApo 40x/1.42 oil immersion objective (Olympus, Tokyo, Japan). 
Olympus Fluoview software version 1.6a was used for image acquisition and analyses. 
Images were further processed with Adobe Photoshop software (Adobe Systems, San 
Jose, CA, USA). The following antibodies were used: mouse anti-HA (1:1,000), rabbit 
anti-TRPC6 (1:100), rabbit anti-mannosidase II (1:100), AlexaFLUOR 488-conjugated 
goat anti-rabbit IgG (1:300), and rhodamide Red-X goat anti-mouse IgG (1:500). 
2.10 - Measuring [Ca2+]i. 
We used the method described by Zhu et al. [43] to measure [Ca2+]i. Briefly, cells 
attached to coverslips were washed twice with HBSS (120 mM NaCl, 5.3 mM KC1, 0.8 
mM MgS04, 10 mM glucose, 1.8 mM CaCl2, 20 mM Hepes, pH 7.4) and loaded with fura 
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2/AM (0.05 uM in HBSS) for 20 min at room temperature in the dark. After washing and 
de-esterifying in fresh HBSS for 30 min at room temperature, the coverslips were inserted 
in a circular open-bottom chamber and placed on the stage of a Zeiss Axovert microscope 
fitted with an Attofluor Digital Imaging and Photometry System (Attofluor Inc., 
Rockville, MD, USA). Isolated fura 2-loaded cells were selected and their [Ca2+]i was 
measured by fluorescence videomicroscopy at room temperature using alternating 
excitation wavelengths of 334 and 380 nm and by monitoring emitted fluorescence at 520 
nm. Free [Ca2+]; was calculated from the 334/380 fluorescence ratios using the method of 
Grynkiewicz et al. [44]. All reagents were diluted to their final concentrations in HBSS 
and applied to the cells by surface perfusion. 
2.11 - Pulse-chase. 
Transfected cells were plated on 60-mm Petri dishes the day before metabolic 
labelling. Briefly, after a starvation period of 30 min in 2 ml of methionine/cysteine-free 
DMEM containing 2% FBS, the cells were incubated for 1 h at 37°C with 2 ml of the 
same medium containing 25 uCi/ml of 3SS-Express Protein Labeling Mix. The pulse was 
terminated by washing the cells once with 2 ml DMEM, followed by a chase period of up 
to 6 h at 37°C in 2 ml of DMEM containing 2% FBS. Following the chase step, the cells 
were washed on ice with PBS and lysed with 1 ml of ice-cold lysis buffer. The cell lysates 
were homogenized and proteins were immunoprecipitated as described above. 
Immunoprecipitated proteins were dissolved in 30 ul of 2X Laemmli buffer, incubated for 
30 min at 60°C, separated on a 7% SDS-PAGE gel, stained with Coomassie blue, dried, 
and exposed on Kodak Biomax MR films. The relative intensities of the bands were 
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analyzed using BioRad Gel Doc 2000 and BioRad Quantity One quantification software 
(BioRad, Mississauga, ON, Canada). 
2.12 - Subcellular Fractionation. 
Two 100-mm plates of transiently transfected HEK 293T were washed twice in 
ice-cold PBS and once in ice-cold 100 mM NaCl. The cells were scraped and resuspended 
in 1 ml of ice-cold 100 mM Na2C03 (pH 11.5) containing a protease inhibitor cocktail (1 
Hg/ml of soybean trypsin inhibitor, 5 u,g/ml of leupeptin, and 100 uM 
phenylmethylsulfonyl fluoride). The cells were disrupted by Dounce homogenization (15 
strokes) and incubated on ice for 30 min. Intact cells and nuclei were removed by 
centrifugation for 5 min at 4°C at 800 g. The supernatant was centrifuged for 60 min at 
4°C at 100,000 g . The supernatant (cytosolic fraction) was kept on ice, while the pellet 
was resuspended in 1.5 ml of ice-cold 100 mM Na2C03 (pH 11.5) containing a protease 
inhibitor cocktail, incubated on ice for 30 min, and centrifuged for 15 min at 4°C at 
14,000 g. The supernatant (membrane fraction) was kept on ice. The protein contents of 
the fractions were determined using a Bradford assay (Bio-Rad), and 35 \ig of protein 
from each fraction was separated by SDS-PAGE and transferred to a nitrocellulose 
membrane for immunoblotting. 
3. RESULTS 
3.1 - RNF24 interacts specifically with the ankyrin-like repeat domain of TRPCs. 
ARDs are known to play a major role in protein-protein interactions. They are 
found in many types of proteins, including those involved in signal transduction. We 
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previously performed a yeast two-hybrid screen of a human foetal brain cDNA library 
with amino acids 3-259 of TRPC6 as bait to identify interacting partners of TRPCs and 
identified four clones that grew only in the presence of the ARD of TRPC6 [6]. Two of 
these clones contain a 1.1-kilobase cDNA fragment that encodes amino acids 98-148, a 
RING-H2 (C3H2C3) finger domain-containing protein, in the carboxyl tail of RNF24 [9] 
(Figure 1A). To identify the exact region of the ARD required for the interaction with 
RNF24, we performed progressive deletions from the amino-terminal and carboxyl-
terminal ends of the ARD of TRPC6 and looked for interactions using a yeast two-hybrid 
assay (Figure IB). All the deletion mutants of the ARD of TRPC6, as well as the empty 
bait plasmid pGBKT7 and lamin C, were transformed individually into yeast strain Y187, 
which was mated with yeast strain AH109 carrying prey plasmid pACT2-RNF24 98-148. 
Only diploid yeast cells expressing TRPC6 3-259, TRPC6 3-130, TRPC6 3-159, TRPC6 
3-196, or TRPC6 122-259 were able to grow on a high stringency medium (Figure IB). 
However, yeast cells containing the empty pGBKT7, lamin C, or the ARD of TRPC6 
missing amino acids 94-156 failed to grow on a high stringency medium. These results 
revealed that the first and second ankyrin-like motifs of TRPC6 are important for the 
interaction with RNF24. 
The ability of RNF24 to interact with the ARD of TRPCs was confirmed by in vitro and 
in vivo binding assays. We performed GST pull-down experiments to determine whether 
the ARDs of TRPC1, TRPC3, TRPC4, TRPC5, TRPC6, and TRPC7 could also bind 
directly to RNF24 98-148 in vitro. While no significant binding was observed with GST 
alone, the in vitro translated c-myc-tagged ARDs of all the TRPCs tested were efficiently 
retained by GST-RNF24 98-148 (Figure 2A). These results were confirmed in vivo using 
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Lussier et al. Cell Calcium (2008), Figure 1. Amino acids 98-148 of RNF24 interact 
specifically with the ankyrin-like repeat domain of TRPC6. A) Amino acid sequence 
of human RNF24 (GenBank™ accession number NM_007219). The predicted 
transmembrane region is underlined and the amino acids involved in the C3H2C3 RING 
domain are indicated by arrows. B) Representation of various GAL4-BD-TRPC6 
fragments used as bait in the yeast two-hybrid screening. S. cerevisiae yeast strain AH 109 
pre-transformed with the GAL4 activating domain (GAL4-AD) containing amino acids 
98-148 of RNF24 was mated with S. cerevisiae yeast strain Y187 expressing the GAL4 
binding domain (GAL4-BD) constructs pGBKT7 (vector), pGBKT7- human lamin C, or 
GAL4-BD-TRPC6-fused fragments. A high stringency selective medium (-Leu, -Trp, -
His, -Ade, +X-a-gal) was used to grow the interacting clones. (-) and (+) indicate 
negative and positive growth on the high stringency medium. A selective medium (-Leu, -
Trp) was also used to verify mating. 
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Lussier et al. Cell Calcium (2008), Figure 2. RNF24 interacts with TRPCs. A) A GST 
pull-down assay was performed as described in Experimental Procedures. After the in 
vitro translation, the c-myc-tagged ARDs of the TRPCs were incubated for 1 h at room 
temperature with GST and GST-RNF24 98-148. GST pull-down complexes were 
analyzed by SDS-PAGE followed by a specific anti-c-myc immunoblotting. B) pcDNA3 
or the full-length c-myc/HIS-tagged RNF24 were transiently transfected in HEK 293T 
cells with the wild-type or mutant (N124, N126, C127, D129-AAAA) HA-tagged TRPC6. The 
cells were lysed and the TRPC6 proteins were immunoprecipitated with anti-HA 
antibody. Immunoblotting with antibodies directed against the c-myc or HA tags were 
used to detect RNF24myc/HIS and TRPC6-HA. The asterisk corresponds to the IgG light 
chain of the mouse anti-HA used in the immunoprecipitation step. 
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a co-immunoprecipitation approach. c-Myc/HIS-tagged RNF24 cDNA was transiently co-
expressed in HEK 293T cells with HA-tagged TRPC6. As shown in Figure 2B, 
immunoblotting with anti-c-myc antibody revealed the presence of RNF24 in the 
immunoprecipitates of TRPC6 with the anti-HA antibody. The band migrating at 25 kDa 
corresponds to the IgG light-chain of the anti-HA antibody used in the 
immunoprecipitation step. Similarly, when an inverse co-immunoprecipitation was 
performed, TRPC6 co-immunoprecipitated with c-myc/HIS-tagged RNF24 (data not 
shown). Furthermore, in vivo interactions between RNF24 and the other TRPCs were also 
observed (data not shown). 
The yeast two-hybrid assay showed that RNF24 interacts with two adjacent 
fragments of TRPC6 (TRPC6 3-130 and TRPC6 122-259). One possibility is that RNF24 
interacts with the short sequence (TRPC6 122-130) overlapping the two fragments. This 
short sequence corresponds to the linker between the first and second ankyrin-like repeats 
of TRPC6 and contains four amino acids (N124, N126, C127, and D129) that are identical in 
all mammalian TRPCs and are very well conserved in the consensus sequence of all 
ARDs [6]. To determine whether the linker was involved in the interaction between 
RNF24 and TRPC6, we mutated the four conserved amino acids in the sequence of 
TRPC6 to alanines (TRPC6mut-HA). As previously observed with the wild-type TRPC6, 
RNF24 also co-immunoprecipitated with TRPC6mut-HA (Figure 2B). These results 
suggested that the short linker is not an important molecular determinant for the 
interaction between RNF24 and TRPC6. 
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3.2 - RNF24 is an integral membrane protein of the golgi apparatus. 
Four different internet-based transmembrane prediction programs (TMPred [10], 
DAS [11], HMMTOP [12], and TMHMM [13]) strongly predict that the segment 
encompassing residues 24-46 of RNF24 can form a transmembrane domain. We used a 
100 mM sodium carbonate (pH 11.5) treatment to determine whether RNF24 was an 
integral membrane protein. Because many protein-protein interactions are disrupted at this 
pH, a sodium carbonate treatment is commonly used as a criterion for determining 
whether a polypeptide is stably integrated into the lipid bilayer [14]. As can be seen in 
Figure 3A, RNF24 and two other known integral membrane proteins (TRPC6 and IP3 
receptor type 3) remained associated with carbonate-treated membranes of HEK 293T 
cells transiently co-transfected with c-myc/HIS-tagged RNF24 and HA-tagged TRPC6. 
FKJBP12, a cytosolic protein known to interact with many membrane proteins including 
TRPC6 and IP3 receptor type 3 [15-18], was found in the supernatant fraction of 
carbonate-treated membranes. To determine whether the interaction between TRPCs and 
RNF24 occurred at the plasma membrane or another intracellular compartment, we first 
examined the intracellular localization of RNF24 by immunofluorescence confocal 
microscopy. As shown in Figure 3B, HA-tagged RNF24 was enriched in the perinuclear 
region and co-localized with mannosidase II, an endogenous enzyme of the medial Golgi. 
Co-localization with y-adaptin, an endogenous marker of trans-Golgi network-derived 
clathrin-coated vesicles, was also observed (data not shown). Punctate staining further 
suggested that RNF24 may be associated with some vesicular compartments. Similar 
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Lussier et al. Cell Calcium (2008), Figure 3. RNF24 is a membrane protein that 
localizes in the Golgi apparatus. A) Membranes were collected from HEK 293T cells 
transiently expressing c-myc/HIS-tagged RNF24 and HA-tagged TRPC6 by 
centrifugation for 1 h at 4°C at 100,000 g. The membranes were resuspended in 100 mM 
sodium carbonate (pH 11.5) and incubated on ice for 30 min. The membranes were then 
recovered by high speed centrifugation. Proteins from cytoplasmic (Cyto; 35 ng) and 
membrane (Memb; 35 u.g) fractions were separated by SDS-PAGE and immunoblotted 
using the appropriate antibodies. B) HEK 293T cells were transfected with HA-tagged 
RNF24, fixed with 3% PFA, permeabilized, labelled with rabbit anti-mannosidase II (left 
panel), a medial Golgi enzyme, or mouse anti-HA primary antibodies (centre panel) 
followed by AlexaFLUOR 488 anti-rabbit and Rhodamide Red-X anti-mouse secondary 
antibodies, and examined by confocal microscopy as described in Experimental 
Procedures. The merged images (right panel) show overlapping red and green pixels in 
yellow. 
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These results suggested that RNF24 is an integral membrane protein that mainly localizes 
in the Golgi apparatus. 
3.3 - RNF24 is not involved in the maturation and degradation of TRPC6. 
Proteins containing a RING finger domain are often associated with ubiquitin-conjugating 
enzymes and play a critical role in the proteasomal degradation pathway [19, 20]. To 
determine whether RNF24 is involved in the degradation of TRPC6, we performed a 
pulse-chase experiment. HEK 293T cells expressing TRPC6-HA with or without RNF24 
were metabolically labelled with [35S]methionine/cysteine for 1 h and were then chased in 
a non-radioactive medium for various times up to 6 h. Subsequent cell lysis and 
quantitative immunoprecipitation followed by SDS-PAGE analysis revealed the different 
stages of TRPC6 maturation. In the absence of RNF24 expression, typical species (Mr 
106, 110, and 114 kDa) quickly and efficiently evolved into the more mature species 
migrating diffusely between 120 and 140 kDa (Figure 4A). We previously showed that 
the 106, 110, and 114 kDa species of TRPC6 are sensitive to endoglycosidase H [21], 
which cleaves the high mannose 7V-glycan moiety initially added to the nascent proteins in 
the endoplasmic reticulum. However, endoglycosidase H is unable to cleave JV-glycans 
that are subsequently trimmed and modified during egress of a protein through the medial 
Golgi [22]. Figure 4A shows that co-expression with RNF24 decreased the level of 
expression of the 106, 110, and 114 kDa species, as well as the mature diffusely migrating 
species of TRPC6. To determine whether this decreased expression was due to an 
accelerated degradation of TRPG6, we looked at the rate of maturation and the stability of 
the different species. As shown in Figure 4B, under control conditions, the levels of the 
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Lussier et al. Cell Calcium (2008), Figure 4. RNF24 is not involved in the 
degradation or maturation of TRPC6. HEK 293T cells expressing or not expressing 
RNF24 with TRPC6-HA were labelled for 1 h with 25 u.Ci/ml of 35S-Express Protein 
Labeling Mix and chased for 0 to 6 h with non-radioactive medium. Labelled TRPC6 
proteins were immunoprecipitated from cell lysates with an anti-HA antibody and 
separated on a 7% SDS-PAGE gel. The relative intensities of the labelled bands were 
determined by densitometric analysis using BioRad Gel Doc 2000 and BioRad Quantity 
One software. A) A representative autoradiogram showing the immature TRPC6 
glycosylation species (species between 104 and 114 kDa) and the mature TRPC6 
glycosylation species (diffuse band migrating between 120 and 140 kDa) when co-
expressed or not with RNF24. B) Results are expressed as the ratio of the optical density 
of the immature glycosylation species of TRPC6 at different times of chase (Immtx) over 
the optical density of the initial immature glycosylation species of TRPC6 at chase time 0 
(Immto). C) Results are expressed as the ratio of the optical density of the mature 
glycosylation species of TRPC6 at different times of chase (Mattx) over the optical density 
of the initial mature glycosylation species of TRPC6 at chase time 0 (Matto). Results of 
ratio presented in (B) and (C) are expressed as the mean ± S.D. of three independent 
experiments. 
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levels after a 6 h chase. However, the co-expression of RNF24 did not significantly 
modify their decay rates. Furthermore, in the presence of RNF24, the N-glycosylation 
maturation of TRPC6 proceeded at the same rate as that observed under control cnditions 
(Figure 4C). In the absence of RNF24, the level of mature TRPC6 was three times higher 
two hours after the beginning of the chase and remained stable for up to six hours (Figure 
4C). A similar maturation profile was observed when RNF24 was co-expressed with 
TRPC6, suggesting that the maturation process and degradation rate of TRPC6 is not 
influenced by RNF24. 
3.4 - RNF24 selectively reduces TRPC insertion into the plasma membrane. 
Since the indirect immunofluorescence studies indicated that RNF24 is localized in the 
Golgi apparatus, and the pulse-chase studies indicated that it is not involved in the 
degradation of TRPC6, we hypothesized that RNF24 might be involved in trafficking 
TRPCs to the plasma membrane. The cell surface expression of HA-tagged TRPC3, 
TRPC4, and TRPC6 was determined using a biotinylation assay. RNF24 greatly reduced 
the cell surface expression of TRPC3, TRPC4, and TRPC6 (Figure 5A) as well as TRPC5 
and TRPC7 (data not shown). However, cell surface expression of the endogenous and 
overexpressed EGF receptor (Figure 5B), as well as the angiotensin II ATI receptor and 
urotensin II receptor (data not shown), was not influenced by the co-expression of 
RNF24. Since RNF24 interferes selectively with the cell surface expression of TRPCs, we 
studied the subcellular distribution of TRPC6 and TRPC3 using a confocal laser-scanning 
microscopic approach. Under control conditions, TRPC6 (Figure 6, panels A, B, and C) 
and TRPC3-HA (Figure 6, panels J, K, and L) were present on the plasma membrane. 
However, when co-expressed with RNF24, TRPC6 (Figure 6, panels D, E, and F) and 
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Lussier et al. Cell Calcium (2008), Figure 5. RNF24 selectively reduced TRPC 
insertion into the plasma membrane. A) pcDNA3 or full-length wild-type RNF24 were 
transiently transfected in HEK 293T cells with HA-tagged TRPC3, TRPC4, or TRPC6. 
The cells were chilled, biotinylated with NHS-SS-biotin, lysed, and incubated with 
streptavidin-agarose beads as described in Experimental Procedures. Aliquots of lysates 
were taken before the incubation step with streptavidin-agarose and were analyzed by 
immunoblotting to determine the total amount of TRPC in the samples. B) HEK 293T 
cells were transfected with pcDNA3, the full-length wild-type RNF24, the EGF receptor, 
or a combination of EGFR and RNF24. The cells were chilled, biotinylated with NHS-SS-
biotin, lysed and incubated with streptavidin-agarose beads, as described in Experimental 
Procedures. Aliquots of lysates were taken before the incubation step with streptavidin-
agarose and were analyzed by immunoblotting to determine the total amount of EGFR in 
the samples. 
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Lussier et al. Cell Calcium (2008), Figure 6. Overexpression of RNF24 promoted the 
subcellular redistribution of TRPCs. A-I) HEK 293T cells transiently transfected with 
TRPC6 alone (A-C) or co-transfected with TRPC6 and HA-RNF24 (D-I) were fixed with 
3% PFA, permeabilized, and incubated with polyclonal anti-TRPC6 or mouse anti-HA 
primary antibodies, followed by AlexaFluor488 anti-rabbit (green) and Rhodamide Red-X 
anti-mouse (red) secondary antibodies. Fluorescence was analyzed by confocal 
microscopy. Panel I shows merged images of G and H. Panels D to F show representative 
merged images obtained using anti-TRPC6 and anti-HA antibodies. J-R) HEK 293T cells 
transiently transfected with TRPC3-HA alone (J-L) or co-transfected with TRPC3-HA 
and EGFP-RNF24 (M-R) were fixed with 3% PFA, permeabilized, and incubated with a 
mouse anti-HA primary antibody followed by rhodamide Red-X anti-mouse (red) 
secondary antibody. Fluorescence was analyzed by confocal microscopy. Panel R shows 
merged images of P and Q. Panels M to O show representative merged images obtained 
using EGFP and anti-HA antiboby. 
101 
TRPC3-HA (Figure 6, panels M, N, and O) were distributed more diffusely throughout 
the cytosol as well as in punctate vesicular structures. Strong co-localization of TRPC6 
(Figure 6, panels G, H, and I) and TRPC3-HA (Figure 6, panels P, Q, and R) with RNF24 
was also observed in the perinuclear region. The images showing the co-localization of 
TRPCs with RNF24 were very similar to those showing the co-localization of RNF24 
with mannosidase II (Figure 3C), suggesting that the interaction between TRPCs and 
RNF24 occurs in the Golgi apparatus and is involved in the cellular trafficking of TRPCs. 
Furthermore, cellular distribution of the angiotensin II ATI receptor as well as the 
urotensin II receptor was unchanged by co-expression with RNF24 (data not shown). 
Taken together, these results suggest a selective effect of RNF24 on the trafficking and on 
the plasma membrane insertion of TRPCs. 
3.5 - RNF24 is not involved in carbachol-induced TRPC6 activation. 
We also looked at whether RNF24 influenced the activity of TRPC6. HEK 293T cells 
were co-transfected with different combinations of cDNAs coding for the muscarinic M5 
receptor, RNF24, and TRPC6. To discriminate between CCh-induced Ca2+ release and 
CCh-induced Ca2+ entry, we used a Ca2+ depletion/Ca2+ re-addition protocol. Fura-2-
loaded transfected HEK 293T cells were incubated for 30 s in a Ca2+-free medium before 
their intracellular Ca2+ stores were depleted with 10 uM CCh. Once [Ca2+]j had returned 
to the basal level, extracellular Ca2+ was restored to 1.8 mM. In TRPC6-transfected cells, 
the net Ca2+ entry observed upon re-addition of external Ca2+ was 212.7 ± 26.0 nM, which 
was clearly above the net Ca2+ entry observed in mock-transfected cells (124.0 ± 30.7 
nM) (Figure 7A). However, overexpression of RNF24 did not alter CCh-induced Ca2+ 
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Lussier et al. Cell Calcium (2008), Figure 7. RNF24 did not modulate Ca entry into 
HEK 293T cells. HEK 293T cells were co-transfected with the M5 receptor and either 
pcDNA3, RNF24, or TRPC6, or a combination of TRPC6 and RNF24. A) Fura-2-loaded 
transfected cells were incubated in the absence of extracellular Ca2+ (in the presence of 
0.5 mM EGTA) for 30 s followed by stimulation with 10 uM CCh. The net Ca2+ entry 
shown here was obtained by subtracting the value of [Ca2+]j, determined by the average of 
three values taken just before adding 1.8 mM extracellular Ca2+ from the average of three 
values of [Ca2+]; taken 57-63 s after the addition of extracellular Ca2+. The results shown 
here represent the mean ± S.D. of 181 to 357 cells that responded to CCh from 3 
independent experiments. B) Fura-2-loaded transfected cells were incubated in the 
absence of extracellular Ca2+ (in the presence of 0.5 mM EGTA) for 90 s followed by the 
restoration of extracellular Ca2+ concentration to 1.8 mM. The net Ca2+ entry shown here 
was obtained by subtracting the value of [Ca2+]i, determined by the average of three 
values taken just before adding 1.8 mM extracellular Ca2+ from the average of three 
values of [Ca2+]i, taken 87-93 s after the addition of extracellular Ca2+. The results shown 
here represent the mean ± S.D. of 296 to 388 cells that responded to CCh after Ca2+ re-
addition from 6 independent experiments. 
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20.5 nM and 228.5 ± 20.7 nM respectively). Similar results were obtained with TRPC3 
and TRPC7 (data not shown). To determine the effect of RNF24 on unstimulated Ca2+ 
entry, we used a Ca2+ depletion/Ca2+ re-addition protocol without CCh stimulation. Fura-
2-loaded transfected HEK 293T cells were incubated for 90 s in a Ca2+-free medium 
before the extracellular Ca2+ was restored to 1.8 raM. In TRPC6-transfected cells, the net 
Ca2+ entry observed upon re-addition of external Ca2+ was 8.7 ± 1.8 nM, which was not 
significantly different than the net Ca2+ entry observed in mock-transfected cells (7.9 ± 
3.1 nM) (Figure 7B). However, overexpression of RNF24 did not alter the unstimulated 
Ca2+ entry in TRPC6-transfected or mock-transfected HEK 293T cells (net Ca2+ entry of 
7.4 ± 3.3 nM and 8.5 ± 3.9 nM, respectively). These results indicated that RNF24 does not 
regulate the function of TRPC6 in HEK 293T cells. 
4. DISCUSSION 
ARDs are present in many biologically important proteins with functions that 
include cell signalling, cytoskeleton integrity, transcription and cell-cycle regulation, 
inflammatory response, development, and transport. This 33-residue sequence motif is a 
(3-hairpin-helix-loop-helix structure and is typically involved in mediating specific 
protein-protein interactions [4, 5]. In the study presented here, we showed that there is a 
specific interaction between the ARDs of TRPC6 and RNF24, a novel RING-H2 motif 
protein localized mainly in the Golgi apparatus. This interaction causes the intracellular 
retention of TRPC channels without affecting channel activity. Our results also indicated 
that ankyrin-like repeats 1 and 2 of TRPC6, and not the linker between these two repeats, 
are responsible for the interaction with RNF24. 
105 
It has already been shown that the first part of the ankyrin-like repeats play an 
important role in the cellular localization of TRPCs. A deletion mutant lacking the first 
131 amino acids of TRPC6, including the first ankyrin repeat, is not correctly routed to 
the plasma membrane but the routing of this deletion mutant is rescued by the co-
expression of the wild-type TRPC6 and TRPC3 [23]. Moreover, the deletion of the first 
199 amino acids of TRPC3, which includes the entire ARD, results in the intracellular 
retention of TRPC3, with no detectable channel at the plasma membrane [24]. A deletion 
of the first 27 amino acids of TRPC3, which are just upstream from the ARD, produces a 
functional channel that is still able to enhance OAG-induced Ca2+ entry. These studies 
suggest that the ARDs of TRPCs, more precisely the first ankyrin-like repeats, are 
involved in plasma membrane targeting and regulation of TRPC activity. Proteins that 
bind to this region may thus influence the trafficking of TRPCs to the plasma membrane. 
We previously reported that MxA, a member of the dynamin superfamily, also 
binds the ARDs of TRPCs [6]. This interaction occurs principally at the second ankyrin-
like repeat. We showed that overexpression of MxA enhances OAG-induced activation of 
TRPC6 without affecting its targeting to the plasma membrane. Confocal microscopy 
revealed that MxA is distributed in small vesicles throughout the cytoplasm of HEK 293T 
cells (data not shown), unlike RNF24, which is mainly localized in the Golgi apparatus. 
Also, the overexpression of MxA does not modify appreciably the intracellular retention 
of TRPC6 caused by the overexpression of RNF24 (data not shown). Thus, while they 
both interact with the ARD of TRPC6, MxA and RNF24 have different effects. 
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RNF24 is a membrane-associated RING domain protein. RING domains have a 
defined octet of cysteine and histidine residues that constitute two metal-binding sites. 
The first, second, fifth, and sixth of these cysteine/histidine residues bind one zinc ion and 
the third, fourth, seventh, and eighth bind a second zinc ion [25]. In the RING-H2 
subtype, as for RNF24, the cysteine and histidine residues are arranged in the order 
C3H2C3. Proteins containing a RING domain can function as E3 ligases by binding to E2 
ubiquitin-conjugating enzymes and recruiting E2s to a substrate [19, 26, 27]. 
Ubiquitinated proteins are then recognized and degraded by the multicatalytic 26 S 
proteasome. We did not detect any change in the ubiquitination of TRPC6 following the 
overexpression of RNF24 using in vitro and in vivo ubiquitination assays (data not 
shown). The mechanism used by RNF24 to regulate the trafficking of TRPCs in HEK 
293T cells thus does not involve this particular post-translational modification. This is 
consistent with the data of our pulse-chase experiment showing that the overexpression of 
RNF24 did not significantly change the rate of degradation of TRPC6. Interestingly, 
RNF24 is also an interacting partner of huntingtin interacting protein 2 (HIP2), a human 
ubiquitin-conjugating enzyme also known as E2-25K [9]. HIP2 is abundantly expressed in 
the brain and is involved in the ubiquitination of huntingtin [28]. While the interaction 
between RNF24 and HIP2 has not been characterized, it has been suggested that RNF24 
participates in the ubiquitination process by exerting an ubiquitin-ligase function in 
coordination with the ubiquitin-conjugating action of HIP2. Since this process did not 
occur in our system, the involvement of RNF24 in the ubiquitination process of TRPC6 
through HIP2 may be tissue-specific. 
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TRPV4 and TRPC4 are ubiquitinated by the HECT (homologous to E6-AP 
carboxyl terminus)-family ubiquitin ligase AIP4 [29]. However, the ubiquitination of 
TRPC6 is only marginally affected by the co-expression of AIP4 or its dominant negative 
mutant. Ubiquitination of TRPV4 and TRPC4 increases the intracellular localization and 
decreases the basal activity of TRPC4, without inducing degradation of these channels. 
However, overexpression of AIP4 does not significantly affect 4-aPDD-induced TRPV4 
activation or CCh-induced TRPC4 activation. Similarly, activation of TRPC6 by CCh is 
unaffected by the co-expression of RNF24. Under overexpression conditions, TRPC3 
exhibits a constitutive activity [30] that is decreased by the co-expression of RNF24 (data 
not shown). These results suggest that the insertion of the TRPC channel into the plasma 
membrane under agonist stimulation (for review see [31]) is unaffected by the co-
expression of RNF24. Smyth et al. [32] suggested that TRPC3 expressed in HEK 293 
cells undergoes constitutive externalization and internalization. At present, the 
mechanisms governing the retrograde transport of TRPCs from the plasma membrane to 
the Golgi apparatus are unknown. TRPCs may use a mechanism similar to that described 
for many other proteins such as GLUT4 [33], the mannose 6-phosphate receptor [34], and 
eNOS[35]. 
We observed that the co-expression of RNF24 with TRPCs, as well as with the 
angiotensin II ATI receptor, the urotensin II receptor and the EGF receptor slightly 
reduced synthesis of these proteins (Figure 4A, Figure 5; data not shown). Inversely, we 
did not observe that the expression of RNF24 was affected by the co-expression of TRPCs 
and receptors. RNF24 is an integral membrane protein that is mainly localized in the 
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Golgi apparatus, which is the site of important post-transcriptional modifications. We 
cannot rule out the possibility that the overexpression of RNF24 could overload the 
ER/Golgi sorting machinery nor cause the formation of aberrant proteins complexes, thus 
slowing down the rate of protein synthesis. However, it appears that the intracellular 
retention of TRPCs is specific to an interaction with RNF24, since the overexpression of 
RNF24 did not influence the cellular localization of either the angiotensin II ATI 
receptor, the urotensin II receptor or the EGF receptor, three proteins with which RNF24 
did not co-immunoprecipitate (data not shown). 
We previously reported that, under basal conditions, the level of TRPC6 at the 
plasma membrane of stably transfected HEK 293 cells is relatively low or undetectable, 
whereas it significantly increases after hormonal stimulation [36]. In the present study, 
using transiently transfected cells, we observed the presence of a large amount of TRPC6 
at the plasma membrane under basal conditions. It is likely that high expression of TRPC6 
in transiently transfected cells might overtax the internalization mechanism and lead to the 
accumulation of TRPC6 at the plasma membrane. Similarly, a protein involved in the 
trafficking pathway, such as RNF24, might favour the internalization or intracellular 
retention of TRPC6. 
In conclusion, we identified RNF24 as a new TRPC-interacting protein. RNF24 is 
involved in the trafficking of TRPC6. More precisely, it causes the intracellular retention 
of TRPC6 without affecting its functional activity. We previously showed that the second 
ankyrin-like repeat of TRPC6 is involved in a protein-protein interaction with MxA that 
enhances channel activity [6]. In addition, the regions between the second and fourth 
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ankyrin repeats are involved in the protein-protein interaction between TRPC subunits 
[37, 38]. The results presented here suggest that each repeat of the ARD plays a specific 
function. 
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Mes travaux ont permis 1'identification de deux nouveaux partenaires d'interaction du 
domaine ANK des TRPCs modulant l'activite ou le routage de TRPC6. MxA et RNF24 
ont ete identifiees lors du criblage d'une librairie d'ADNc de cerveaux fetaux humains par 
double-hybride chez la levure. Nous demontrons que MxA module 1'influx de Ca2+ medie 
par TRPC6 en fonction du type de stimulation appliquee, alors que RNF24 est une 
nouvelle proteine membranaire localisee au niveau de l'appareil de Golgi et sa 
surexpression entralne une retention intracellulaire des TRPCs. 
Dans la presente etude, nous n'avons pas evalue la distribution cellulaire ou tissulaire 
endogene (ARN ou proteine) de MxA, RNF24 et de TRPC6. Cependant, a l'aide de 
banques de donnees electroniques telles que geneatlas et unigene concernant l'ARNm 
humain (http://www.dsi.univ-paris5.fr/genatlas/, http://www.ncbi.nlm.nih.gov/sites/ 
entrez?db=unigene ), nous avons note que l'ARNm de RNF24, de MxA et de TRPC6 
seraient conjointement exprimees au sein des organes suivants : cerveau, coeur, poumons, 
reins, yeux, placenta et prostate. Experimentalement, j'ai identifie la presence de l'ARN 
de RNF24, de MxA et des TRPC1, TRPC3, TRPC4 et TRPC6 dans les cellules HEK 293 
(resultat non presente), un modele cellulaire ayant une morphologie epitheliale et derive 
de cellules isolees de rein d'un foetus. C'est d'ailleurs a partir de ces cellules que j'ai 
clone les ADNc de RNF24 et de MxA, proteines identifiees et utilisees dans la presente 
etude. 
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Bien que Pexpression proteique endogene de MxA n'ait pas ete verifiee par 
immunobuvardage, nous savons que MxA est exprimee dans les cellules HEK 293. En 
effet, l'induction de MxA par l'interferon a module l'influx calcique de TRPC6 exprime 
de facon stable dans des cellules HEK 293 (Lussier et al. J. Biol. Chem. (2005) Figure 8). 
Autant pour MxA que pour RNF24, dont l'expression endogene n'a pas ete evaluee, il 
serait interessant d'evaluer l'effet de leur expression sur l'activite et le routage endogene 
de TRPC6 dans un autre modele cellulaire tel que les cellules A7R5, derivee de muscle 
lisse d'aorte de rat, dont l'expression endogene de TRPC6 serait en grande partie 
responsable de 1'entree de Ca2+ (Soboloff et al. 2005) 
Dans les deux articles inclus dans la presente these (Lussier et al. 2005, 2008), nous 
demontrons que ce- sont les portions C-terminales de MxA et de RNF24 qui sont 
responsables de 1'interaction avec le domaine ANK des TRPCs. Des repetitions similaires 
a l'ankyrine sont retrouvees chez plus de 9345 proteines. Bien que les ANKs soient 
variables en nombre et en sequence primaire, leur structure secondaire et tertiaire presente 
un haut degre de conservation (pour revue Mosavi et al. 2004, Sedgwick and Smerdon 
1999). Mosavi et al. (2002) ont analyse les domaines ANK de plus de 4000 proteines et 
1'information recueillie a ete utilisee afin de concevoir une ANK idealisee. Cette ANK 
idealisee a servi de base pour l'analyse des repetitions similaires a l'ankyrine retrouvees 
au sein des TRPCs (Lussier et al J. Biol. Chem. (2005) Figure 1). 
Chaque ANK represente un motif helice-boucle-helice contenant habituellement les 
motifs composes des residus TPLH dans la premiere helice (sept a huit residus) et de deux 
leucines hyperconservees dans la seconde helice (neuf a dix residus). L'identite et la 
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conservation de certains residus de surface des domaines ANK serait necessaire a la 
conformation de la structure, alors que des acides amines plus variables seraient de bons 
candidats pour la modulation des interactions intermoleculaires. Ainsi, la mutation d'un 
seul residu au sein d'une repetition pourrait affecter la structure en trois dimensions du 
domaine en entier. Par 1'utilisation de la proteolyse et de la mutagenese chez la proteine 
ankyrine, l'etude effectuee par Michaely et Bennett (1993) a demontre qu'au moins deux 
ANKs sont necessaires pour la formation d'une structure stable et bien repliee. La stabilite 
et le repliement de la structure du domaine ANK ont ete etudies par le groupe du Dr Doug 
Barrick. Leur etude a demontre que la deletion de la septieme et derniere ANK de Notch 
causait une mauvaise conformation de la sixieme ANK, reduisant de 50% la stabilite du 
domaine ANK de Notch (Bradley and Barrick 2002). Dans notre etude de l'interaction 
entre TRPC6 et RNF24, nous avons mute simultanement au sein de TRPC6 quatre residus 
conserves (hTRPC6 C124, C126, N127, D129/AAAA) chez tous les TRPCs humains et 
localises dans le segment liant la premiere et la deuxieme ANK de TRPC6. Tel que 
demontre, la mutation de ces residus en alanines n'affecte pas l'interaction entre RNF24 
et TRPC6, demontrant que les residus mutes ne sont pas necessaires a l'interaction entre 
RNF24 et TRPC6 (Lussier et al Cell Calcium (2008) Figure 2). De plus, l'influx de Ca2+ 
medie par TRPC6 mutant n'etait pas affecte lors d'une stimulation par l'OAG (resultat 
non presente), demontrant que ces memes residus mutes n'affectaient pas l'activation et le 
ciblage de TRPC6 a la membrane plasmique. Ainsi, les resultats suggerent que les quatre 
residus conserves au niveau du segment reliant la premiere et la deuxieme ANK de 
TRPC6 sont situes dans une region dont la structure est plus permissive a la mutagenese. 
Selon nos resultats, nous ne pouvons exclure que ces residus conserves puissent avoir une 
fonction importante et inconnue. 
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Bien que nous situions 1'interaction de MxA au niveau de la deuxieme ANK de TRPC6 
(Lussier et al. J. Biol. Chem. (2005) Figure 3), nous ne pouvons negliger Pimplication des 
autres ANKs du domaine. La deuxieme ANK des TRPCs possede une homologie de 
sequence plus elevee que les autres avec le domaine ANK idealise, de meme qu'une 
longueur inferieure aux autres ANK du domaine. Cependant, puisque la stabilite et la 
structure du domaine ANK sont conferees par les residus et les repetitions le composant, 
et que la determination du site d'interaction a ete effectuee a l'aide de mutants impliquant 
la deletion de repetitions similaire a l'ankyrine, nous ne pouvons exclure que MxA puisse 
se Her sur d'autres repetitions du domaine. 
L'homologie de sequence d'une proteine avec une autre etant souvent tres faible, il est 
difficile de definir precisement le nombre d'ANK d'une proteine donnee. Par exemple, le 
nombre d'ANK pour TRPV6 differe selon les auteurs, passant de quatre (Peng et al. 
2000) a six (Wissenbach et al. 2001). Bien qu'une grande quantite d'etudes ont demontre 
des interactions entre des ANKs et diverses proteines, peu est connu a propos du role des 
ANKs dans Poligomerisation des proteines. Des etudes recentes ont decrit 1'importance 
des ANKs dans l'assemblage des canaux ioniques TRPV5, TRPV6, TRPC4 et TRPC6 
(Chang et al. 2004; Erler et al. 2004; Lepage et al. 2006). Ces etudes ont permis de 
demontrer que certaines repetitions au sein du domaine ANK etaient particulierement 
importantes pour Passociation des sous-unites afin de former un canal fonctionnel. Dans 
le cas de TRPC4, des travaux effectues dans le laboratoire demontrent que les repetitions 
trois et quatre sont impliquees dans l'assemblage du canal (Lepage et al. 2006). Dans le 
cas de la presente etude, nous demontrons que la premiere et la deuxieme repetition 
similaire a l'ankyrine de TRPC6 sont impliquees dans Pinteraction avec MxA et RNF24, 
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done dans la modulation de l'influx calcique et du routage. Ainsi, le domaine ANK des 
TRPCs serait implique dans des interactions proteine-proteine permettant a la fois, via des 
regions distinctes, la modulation de son activite et de son routage, de meme que 
1'assemblage d'un canal fonctionnel. 
A la suite de 1'identification de nouveaux partenaires d'interaction de TRPC6, notre 
interet s'est tout d'abord porte sur la caracterisation de 1'interaction entre TRPC6 et MxA. 
MxA appartient a la classe des proteines similaires a la dynamine, des larges GTPases 
impliquees dans le routage vesiculate et l'homeostasie des organelles. MxA est une 
proteine humaine qui se distingue de la dynamine conventionnelle par son activite 
inhibitrice de la replication de plusieurs virus a ARN, ainsi que par la regulation de son 
expression qui serait strictement dependante des interferons (IFN) de type I (a/p) ou de 
PIFN-X/IL-28. MxA partage avec les autres membres de la superfamille de la dynamine 
plusieurs proprietes incluant 1'auto-assemblage et T association avec des lipides 
membranaires (Accola et al. 2002). L'assemblage de MxA en oligomeres semble proteger 
MxA de la degradation, creant ainsi un reservoir stable de molecules anti-virales actives, 
alors que la liaison a des lipides permet a MxA d'etre associe a des membranes. 
Bien que l'activite anti-virale de MxA soit bien acceptee et bien caracterisee, la 
localisation intracellulaire de MxA fait encore aujourd'hui l'objet de controverses. 
L'etude de Reichelt et al. (2004) a demontre de facon plutot convaincante que MxA 
n'affecte ni le routage ni le triage des glycoproteines virales, mais interfere avec la 
localisation des proteines de la nucleocapside virale en s'associant avec celles-ci dans de 
larges complexes peri-nucleaires associes a une membrane. Le compartiment ou 
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s'accumulent les oligomeres de MxA avec des proteines de la nucleocapside virale a ete 
identifie comme etant le RE lisse, et ce complexe serait associe avec des membranes 
tubulaires-vesiculaires positives pour COP-I. Les vesicules enveloppees d'un manteau de 
COP-I sont impliquees dans le transport retrograde de proteines a l'interieur des citernes 
du Golgi ou provenant du Golgi vers le RE (Scales et ah 2000). Cette localisation de MxA 
suggere une sequestration et un triage efficace des composants essentiels d'un virus. II a 
aussi ete demontre chez des cellules exprimant MxA, suite a un traitement avec 
Tinterferon, que la sortie des glycoproteines virales du RE vers l'appareil de Golgi n'est 
pas affectee par MxA. Cependant, 1'association de MxA, de proteines de la nucleocapside 
virale et de membranes derivees du RE indique que MxA pourrait affecter le routage de 
proteines virales. Ainsi, MxA aurait une fonction selective des composantes d'un virus, et 
agirait specifiquement sur certaines d'entre-elles. A cet effet, il a ete demontre que MxA 
bloque specifiquement 1'expression de glycoproteines du virus de la rougeole a la surface 
de la cellule (Schnorr et al. 1993). 
TRPC6 etant une glycoproteine dont 1'influx calcique est module par la co-expression de 
MxA, nous avons considere la possibility que MxA so it impliquee dans la modulation du 
routage de TRPC6 vers la membrane plasmique. Cependant, l'utilisation de la 
microscopie confocale sur des cellules HEK 293T co-exprimant MxA et TRPC6 n'a pas 
permis d'observer une difference dans 1'insertion de TRPC6 a la surface cellulaire, de 
meme qu'au niveau de la distribution intracellulaire de TRPC6 (resultats non presentes). 
Ainsi, MxA ne serait pas impliquee dans les processus de maturation et d'insertion des 
TRPCs a la membrane plasmique. Cependant, nous ne pouvons negliger la possibilite que 
MxA puisse etre implique dans un processus de routage de TRPC6. Ainsi, il est possible 
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que l'effet de MxA endogene sur le routage de TRPC6 soit maximal et suffisant. 
Cependant, il est aussi possible que la surexpression de MxA de type sauvage avec 
TRPC6 devienne necessaire pour atteindre une quantite optimale de MxA monomerique 
liee au GTP afin que l'activation de TRPC6 surexprimee soit maximale. 
Dans notre etude, certains indices laissent croire que le role de MxA sur TRPC6 est 
principalement dans la regulation de son activite, et non de son routage. En effet, lors de 
la surexpression de TRPC6 avec les mutants MxA-K83A et MxA-T103A, qui ne 
possedent plus la propriete de lier le GTP mais peuvent tout de raeme oligomeriser, 
Pinflux calcique medie par TRPC6 est le merae en absence qu'en presence des mutants 
(Lussier et al. J. Biol. Chem. (2005) Figure 7). Si MxA etait impliquee dans le routage de 
TRPC6, l'expression des mutants MxA-K83A et MxA-T103A peuvant s'associer avec 
MxA endogene aurait possiblement reduit l'influx de calcium par l'effet dominant-negatif 
sur MxA endogene. Cependant, l'influx calcique medie par TRPC6 est augmente lors de 
la co-expression de TRPC6 avec MxA de type sauvage ou avec le mutant MxA-L612K, 
qui a perdu la propriete d'oligomeriser (Lussier et al. J. Biol. Chem. (2005) Figure 7). 
Ainsi, les resultats suggerent que MxA n'influence pas le routage de TRPC6 mais bien 
son activite, puisque l'expression de mutants dominants-negatifs de MxA ne reduit pas 
l'influx calcique de TRPC6 par rapport a TRPC6 exprime seul. L'utilisation de differentes 
approches de biochimie, biologie cellulaire et moleculaire permettraient d'etudier 
P influence de MxA dans le routage de TRPC6 et apporterait des donnees afin de repondre 
a cette importante question. 
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Dans la presente etude, nous demoiitrons que la co-expression de MxA avec TRPC6 
modifie significativement Pinflux de Ca2+ dans les cellules HEK 293. D'une part, lorsque 
le RE est deplete, que ce soit par la thapsigargine ou la stimulation d'un GqPCR, la co-
expression de MxA avec TRPC6 reduit le SOCE. Ce resultat est plutot inattendu puisqu'il 
a ete demontre que 1'influx calcique medie par TRPC6, suite a la depletion du RE par la 
thapsigargine, n'est pas influence par le contenu du RE (Boulay et al. 1997, Estacion et 
al. 2004). Inversement, MxA potentie le SOCE lorsque exprime en absence de TRPC6. 
Une explication a la diminution du SOCE pourrait etre que la surexpression de TRPC6 
sequestre ou surcharge un facteur endogene essentiel et limite necessaire pour le SOCE, 
rendant le facteur non disponible a MxA pour 1'activation des canaux endogenes 
impliques dans le SOCE. Cependant, la sequestration de ce facteur par TRPC6 
n'influencerait pas Pinflux medie par TRPC6. Ceci a ete demontre lorsque TRPC6 est 
stimulee directement avec l'OAG, ou par la mesure de son activite en substituant le Ca2+ 
pour le Ba2+. 
Dans la presente etude, l'implication de MxA dans la modulation de Pinflux de Ca2+ a ete 
effectuee uniquement sur TRPC6 exprimee dans les cellules HEK 293 (Lussier et al. J. 
Biol. Chem. (2005), Figures 5 a 8). Les resultats presentes ne permettent pas de 
determiner si TRPC6 est le partenaire ideal pour MxA dans la modulation de Finflux de 
Ca2+ dans les cellules HEK 293. Puisque MxA peut aussi interagir avec les TRPC1 a 
TRPC7 (Lussier et al. J. Biol. Chem. (2005), Figure 4), il n'est pas exclu que MxA puisse 
moduler Pactivite des autres TRPCs, et que l'effet soit plus marque que ce que nous avons 
observe avec TRPC6. Ceci pourrait en parti expliquer l'effet observe sur Finflux de Ca 
endogene lorsque MxA est surexprimee en absence de TRPC6 (Lussier et al. J. Biol. 
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Chem. (2005), Figures 5a et 6). Des experiences d'electrophysiologie permettraient 
d'evaluer le comportement des TRPCs en presence de MxA, que se soit au niveau de la 
permeabilite ionique, de l'amplitude, de la cinetique et de la probability d'ouverture. Ce 
type d'etude serait particulierement interessant afm de recueillir des informations 
necessaires a la comprehension du mecanisme d'action de MxA sur l'influx de Ca2+medie 
paries TRPCs. 
Orai et STIM seraient particulierement importantes dans la generation du SOCE, et 
modulerait l'influx de Ca2+ genere par les TRPCs. A cet effet, l'etude recente de Liao et 
al. (2007) demontre qu'Orail interagit avec les N- et C-terminaux des TRPC3 et TRPC6. 
L'expression exogene d'Orail, 2 ou 3 entrainent les TRPC3 et TRPC6 a etre sensibles a la 
depletion du RE, augmentant de 50% a 150% les niveaux d'influx de Ca2+. Cependant, 
lorsque TRPC3a (la forme de TRPC3 sensible a la depletion du RE) est co-exprimee avec 
Orail, il y a absence de 1'augmentation de l'influx de Ca2+. Cette etude propose qu'Orai, 
par 1'interaction avec les TRPCs, agit comme une sous-unite regulatrice conferant aux 
TRPCs une sensibilite a la depletion du RE qui est detectee par STIM. De plus, puisque 
les ARNm de STIM1 et STIM2, de meme que les ARNm d'Orail, d'Orai2 et d'Orai3 ont 
ete detectes chez les cellules HEK 293 (Liao et al. 2008), il n'est pas exclu que MxA 
puisse reguler Pactivite de TRPC6 par un mecanisme impliquant STIM et/ou Orai. 
Au cours de la caracterisation de 1'interaction entre MxA et les TRPCs, nous avons 
decouvert que MxA interagissait aussi avec ITP3R3 (resultat non presente). Puisque la 
localisation intracellulaire de MxA au niveau du RE est la plus acceptee et demontree, 
cette interaction entre MxA et 1TP3R3 semble physiquement possible. De plus, puisque 
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PIP3R exercerait une influence cruciale dans la regulation de l'activite des TRPCs, il est 
done possible que l'interaction entre MxA et PIP3R3 entraine une modification de 
l'activite de TRPC6. Une etude publiee en 1999 a demontre que Pinflux calcique des 
canaux endogenes des cellules HEK 293T etait modifie par la surexpression de peptide 
liant l'IP3R3 ou TRPC3 (Boulay et al. 1999). En resume, cette etude a demontre qu'en 
presence de peptides de TRPC3 competionnant avec les TRPCs endogenes pour le site de 
liaison au sein de PIP3R, il y avait une diminution de P entree de calcium endogene. A 
P inverse, la surexpression de deux peptides provenant de deux regions differentes de 
PIP3R, done competitionnant avec PIP3R endogene pour les canaux calciques endogenes, 
avait pour consequence d'augmenter ou de reduire Pinflux de Ca +. Dans la presente 
etude, nous avons obtenu des resultats similaires a ce phenomene. En effet, lorsque le RE 
des cellules HEK 293T exprimant uniquement MxA est deplete, nous observons une 
augmentation de Pinflux endogene de Ca2+. Inversement, lorsque MxA est exprime avec 
TRPC6 et que le RE est deplete, nous observons alors une reduction de Pinflux de Ca2+ 
medie par TRPC6. Ces resultats illustrent bien Phypothese voulant que MxA interfere 
avec Pactivation des TRPCs. 
Une etude a decrit que la surexpression dans les cellules HeLa de MxA-K83A, un mutant 
deficient pour la liaison du GTP mais pouvant oligomeriser, causait une augmentation de 
structures similaires a des caveoles, en plus de causer une expansion du RE lisse (Accola 
et al. 2002). L'expansion au niveau du RE lors de P expression de MxA-K83A suggere 
que MxA est impliquee dans la constriction ou la fission d'evenements associes avec le 
RE. Puisque des travaux effectues dans le laboratoire ont demontre que TRPC6 et ITP3R3 
etaient retrouvees dans des caveoles (Cayouette et al. 2004) et que nous avons decouvert 
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que MxA co-immunoprecipite avec PIP3R3, nous avons verifie l'hypothese selon laquelle 
MxA pourrait moduler l'activite de TRPC6 en modifiant la distribution de TRPC6 et de 
ITP3R3 dans les caveoles. Cependant, la distribution de TRPC6 et de l'IP3R3 dans les 
caveoles de cellules HEK 293T n'a pas ete modifiee par l'expression de MxA (resultat 
non presente). Ainsi, je suggere que l'expression de MxA puisse reguler l'activite des 
TRPCs par la modulation de 1'interaction entre ITP3R et les TRPCs selon un mecanisme 
encore inconnu. 
Des etudes ont demontre que certains TRPCs (3, 5 et 6) sont localises dans des vesicules 
qui s'inserent a la membrane plasmique par un phenomene d'exocytose regulee par une 
stimulation cellulaire (Bezzerides et al. 2004; Cayouette et al. 2004; Singh et al. 2005). 
Toute modification dans un tel processus modifierait la quantite de TRPCs a la 
membrane. Nos resultats demontrent que la co-expression de RNF24 avec les TRPC3 et 
TRPC6 entraine une retention intracellulaire des TRPCs (Lussier et al. Cell Calcium 
(2008) Figures 5 et 6). Dans les experiences realisees afin de mesurer 1'influx de Ca2+ 
dans les cellules HEK 293T, nous avons clairement demontre que RNF24 n'avait aucune 
influence sur l'influx de Ca2+ medie par les TRPC3, TRPC6 et TRPC7 lors d'une 
stimulation au carbachol (Lussier et al. Cell Calcium (2008) Figure 7, en plus de resultats 
non presentes). Cependant, l'activite constitutive de TRPC3, presente en condition de 
surexpression (Zhu et al. 1998), a ete reduite par l'expression de RNF24. Ceci suggere 
done un defaut dans le routage des TRPCs vers la membrane plasmique. Des travaux 
effectues dans le laboratoire par Mme Sylvie Cayouette demontrent que la surexpression 
de la forme mutante negative de Rabll (Rabll R25N) a pour effet de causer une 
retention intracellulaire de TRPC6. Rabll est une GTPase retrouvee dans la voie de 
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recyclage et est impliquee dans le transport de vesicules en provenance du TGN et des 
endosomes de recyclage vers la membrane plasmique. Ainsi, ces resultats suggerent que 
RNF24 est impliquee dans le mecanisme de routage des TRPCs vers la membrane 
plasmique sans que l'expression de RNF24 n'affecte l'insertion des TRPCs a la 
membrane plasmique lors d'une stimulation cellulaire. 
L'activite, la localisation ou le routage des proteines peuvent etre modulees par des 
interactions proteine-proteine, mais aussi par des modifications post-traductionnelles. La 
phosphorylation, la glycosylation et l'ubiquitination sont bien connues, mais d'autres 
modifications post-traductionnelles le sont beaucoup moins, telle que la SUMOylation. 
Deux etudes ont decrit que des proteines impliquees dans la cascade de SUMOylation, 
telles que la SUMO-1, la SAE2, l'Ubc9 et l'enzyme SUMO E3-ligase PIAS, pouvaient 
interagir avec MxA et la dynamine (Engelhardt et al. 2001; Mishra et al. 2004). La 
SUMOylation est impliquee dans des fonctions cellulaires variees telles que la stabilite, la 
localisation intracellulaire et l'activite transcriptionnelle des proteines-cibles (Johnson 
2004). La SUMOylation des proteines implique une cascade enzymatique similaire a celle 
de l'ubiquitination, mais utilisant la proteine SUMO (small ubiquitin-like modifier). 
SUMO-1 est une proteine inactive sous sa forme de 101 residus, mais sous sa forme 
proteolysee et active de 97 residus, elle sera liee de facon covalente a la lysine d'une 
proteine-substrat par une SUMO E3-ligase. La SUMOylation implique que l'enzyme 
activatrice El, formee de Pheterodimere SAE1/2 (chez l'humain), transfere la SUMO-1 
active a une enzyme conjugatrice (E2) de SUMO, l'Ubc9, qui Hera ensuite la SUMO-1 a 
une proteine-substrat via Taction d'une SUMO E3-ligase (Kagey et al. 2003). 
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Plusieurs etudes recentes demontrent l'effet de la SUMOylation sur l'activite, 
l'endocytose et la localisation de proteines membranaires. Recemment, il a ete 
demontreque la SUMOylation de la sous-unite GluR6 du recepteur du kainate, via PIAS 
et Ubc9, entraine l'endocytose du recepteur et consequemment une diminution du courant 
post-synaptique medie par le kainate (Martin et al. 2007). Aussi, la SUMOylation entraine 
une diminution de l'activite des canaux potassiques K2P1 (Rajan et al. 2005) et Kvl.5 
(Benson et al. 2007), de meme que celle du transporter de glucose Glutl (Giorgino et al. 
2000, Liu et al. 2007), alors que la SUMOylation augmente l'activite de Glut4 (Giorgino 
et al. 2000). Ces exemples demontrent que la SUMOylation peut reguler l'activite de 
proteines membranaires et n'est pas exclusivement reservee a la modulation de 
phenomenes nucleaires. 
Bien qu'il n'y ait pas d'evidence d'une liaison covalente entre SUMO-1 et la dynamine, 
1'etude de Mishra et al. (2004) a demontre in vitro que SUMO-1 et l'Ubc9 inhibent 
l'oligomerisation dependante des lipides de la dynamine. De plus, cette etude a aussi 
demontre que l'endocytose de la transferrine et de son recepteur, mediee par la dynamine, 
etait reduite par l'expression de SUMO-1 et de l'Ubc9. II est a noter que l'enzyme 
SUMO-E2 Ubc9 etait le denominateur commun des etudes decrivant la regulation de 
l'activite de proteines membranaires (Martin et al. 2007; Rajan et al. 2005; Benson et al. 
2007; Giorgino et al. 2000; Liu et al. 2007). Par consequent, nous ne pouvons exclure que 
MxA puisse moduler l'activite ou le routage de TRPC6 par un mecanisme impliquant la 
SUMOylation et possiblement l'Ubc9. Bien que MxA et TRPC6 interagissent 
directement, il serait interessant d'evaluer si l'influx de Ca2+ medie par TRPC6, module 
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par l'expression de MxA, provient d'une potentielle SUMOylation directe de TRPC6 ou 
de celle d'une proteine regulatrice telle qu'Orail, ITP3R, STIM ou MxA elle-meme. 
Lors de la caracterisation del'interaction entre RNF24 et TRPC6, nous avons etudie la 
possibility que RNF24, qui possede un domaine RING-H2, soit une enzyme membranaire 
E3-ligase de l'ubiquitine localisee a l'appareil de Golgi. Les E3-ligases de l'ubiquitine 
sont caracterisees par la presence d'un domaine HECT (homologous to E6-associated 
protein C-terminus) ou d'un domaine RING (really Interesting new gene). Les domaines 
RING possedent un octet defini de cysteines et d'histidines constituant un site 
d'interaction proteine-proteine. Contrairement aux E3-ligases de l'ubiquitine de type 
domaine HECT, les E3-ligases de type RING sont denuees d'activite catalytique 
intrinseque. Elles fonctionnent en se liant et formant un pont a la fois avec l'enzyme 
conjugatrice E2 de l'ubiquitine et avec la proteine-substrat. 
Certaines donnees provenant de la litterature suggerent que des proteines possedant un 
domaine RING puissent avoir une fonction SUMO E3-ligases. Les proteines Topors et 
PIAS en sont deux exemples concrets. Tout d'abord, la proteine Topors humaine a ete 
identifiee comme partenaire d'interaction de p53 (Zhou et al. 1999). II a ete demontre que 
le domaine RING situe dans le N-terminal de Topors est necessaire et suffisant pour la 
fonction ubiquitine E3-ligase de Topors sur p53 (Rajendra et al. 2004). PIAS est un 
second exemple de proteine RING possedant une fonction de SUMO E3-ligase. Un grand 
nombre de proteines qui fonctionnent comme RING E3-ligase de l'ubiquitine ou qui ont 
ete impliquees dans la degradation de proteines possedent un residu tryptophane conserve 
et localise entre les cysteines cinq et six du domaine RING C3HC4 (Joazeiro et al. 1999). 
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La mutation du residu tryptophane en alanine au sein du domaine RING de PIAS abolit 
l'habilite de PIAS pour la SUMOylation des proteines, indiquant que le tryptophane 
conserve joue un role important dans le processus de SUMOylation (Kotaja et al. 2002). 
En 2002, Nishida et Yasuda ont demontre que PIAS1 et PIASxa lient Ubc9, l'enzyme E2 
de la cascade de SUMOylation, de facon dependante du domaine RING. Ces etudes 
demontrent que le domaine RING de PIAS est essentiel pour l'activite SUMO-E3 ligase. 
Cependant, le domaine RING ne catalyserait pas lui-meme la SUMOylation du recepteur 
des androgenes, mais recruterait Ubc9 via son domaine RING. Ainsi, il semble qu'une 
proteine possedant un domaine RING puisse etre une E3-ligase de l'ubiquitine ou de 
SUMO-1 et ainsi moduler differemment la fonction d'un meme substrat. 
Dans la presente etude, nbus avons demontre que la surexpression de RNF24 entraine une 
retention intracellulaire des TRPCs. Puisque la SUMOylation affecte l'activite et la 
localisation de proteines membranaires, il serait plausible que RNF24 recrute une enzyme 
SUMO-E2, par exemple Ubc9, via son domaine RING-H2 et modulerait la SUMOylation 
des TRPCs au niveau du Golgi. Par consequent, la machinerie intracellulaire detecterait 
l'etat de SUMOylation des TRPCs, ou celle d'une sous-unite regulatrice associee, dans 
des vesicules sequestrees dans une region pres du Golgi. Par extrapolation de cette meme 
hypothese, il serait possible qu'une deSUMOylation soit le signal necessaire pour diriger 
les vesicules contenant les TRPCs vers la membrane plasmique. 
Les proteines membranaires contenant un domaine RING, tel que RNF24, sont d'un 
interet particulier puisqu'elles peuvent etre impliquees localement dans la regulation du 
routage et de la degradation de proteines membranaires. Contrairement a notre hypothese 
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de travail qui voulait que RNF24 so it impliquee dans l'ubiquitination des TRPCs, nous 
n'avons pas ete en mesure de detecter une modulation de l'ubiquitination de TRPC6 
lorsque co-exprime avec RNF24, et ce malgre que tous les TRPCs soient un substrat de 
l'ubiquitine (resultats non presentes). A ce sujet, l'etude de Wegierski et al. (2006) a 
demontre que TRPV4 et TRPC4 etaient ubiquitinees par AIP4, une E3-ligase de type 
domaine HECT, ce qui avait entre autre pour effet de diminuer l'activite des TRPV4 et 
TRPC4. Dans notre etude, nous demontrons par les experiences de marquage metabolique 
que l'expression de RNF24 n'affecte ni la maturation ni la degradation de TRPC6 
(Lussier et al. Cell Calcium (2008) Figure 4). Cependant, nos travaux ont permis de 
demontrer clairement que l'expression de RNF24 avec les TRPCs entraine une 
redistribution intracellulaire des TRPCs (Lussier et al. Cell Calcium (2008) Figure 6). Tel 
que discute dans Lussier et al. (2008), il serait possible que RNF24 recrute l'enzyme 
conjugatrice de l'ubiquitine HIP2 (Lee et al. 2001) au niveau de l'appareil de Golgi pour 
une action localisee entrainant l'ubiquitination des TRPCs. A cet effet, il a ete demontre 
que des proteines nouvellement synthetisees pouvaient etre mono-ubiquitinees, ce qui les 
etiquetait pour un triage au niveau du reseau trans-golgien (TGN). Les proteines mono-
ubiquitinees sont ensuite dirigees vers la membrane plasmique ou vers les lysosomes 
(Bonifacino and Traub, 2003). Ainsi, RNF24 pourrait moduler le routage via une mono-
ubiquitination des TRPCs. Par consequent, l'ubiquitination est une modification post-
traductionnelle qui devrait etre considered dans l'etude des mecanismes regulant le 
routage des TRPCs. 
II est bien connu que la localisation de proteines transmembranaires au sein de differents 
compartiments intracellulaires est mediee par de courtes sequences d'acides amines 
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fonctionnant comme signaux de triage («sorting signals»). Ces signaux lient des proteines 
adaptatrices qui sont impliquee dans l'aiguillage vers la machinerie de triage. Les 
adaptines (AP-1, -2, -3 et -4) sont des proteines multimeriques adaptatrices de la clathrine 
qui utilisent un motif-signal de type YXX0 (ou Y est une tyrosine, X est n'importe acide 
amine et 0 est un acide amine hydrophobe «bulky»). La fonction cellulaire de chacune 
des adaptines est liee a leur localisation. A titre d'exemple, AP-2 est impliquee dans 
l'internalisation de proteines membranaires via la voie endosome/lysosome dependante de 
la clathrine, alors qu'AP-1 et AP-3 sont situees au niveau du TGN et impliquees dans le 
triage et le routage («sorting») des proteines. 
Lors de la caracterisation de la localisation intracellulaire de RNF24, nous avons observe 
occasionnellement une co-localisation entre RNF24 et AP-1 (resultat non presente). 
Puisque RNF24 possede un motif de type YXX0 situe entre son segment 
transmembranaire et son domaine RTNG-H2, il serait possible qu'AP-1 puisse interagir 
avec RNF24 au TGN et par consequent soit impliquee dans la distribution intracellulaire 
des TRPCs. Cependant, bien que RNF24 possede le motif consensus des adaptines, ce 
resultat ne signifie pas que RNF24 et AP-1 interagissent ensemble, mais bien que ces 
deux proteines peuvent etre retrouvees dans le meme compartiment. L'implication du 
motif YXX0 dans la localisation intracellulaire de RNF24 reste a demontrer. 
Les GGAs (Golgi-localized, y-ear-containing, ADP-ribosylation factor (Arf)-binding 
proteins) sont des proteines monomeriques adaptatrices de la clathrine. Elles lient, via leur 
domaine VHS, un motif-signal de type DXXLL (ou D est un aspartate, X est n'importe 
acide amine et L est une leucine) present dans les segments cytosoliques des proteines et 
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participent au triage de proteines au niveau du TGN (Bonifacino, 2004). Ces GGAs, qui 
peuvent Her l'ubiquitine via leur domaine GAT, controlent ainsi le triage et le routage 
(«sorting») de proteines transmembranaires mono-ubiquitinees entre le TGN, les 
endosomes ou la membrane plasmique (Prag et al. 2005). Ainsi et tel que discute 
precedemment, il n'est pas exclu que RNF24 puisse etre impliquee dans une mono-
ubiquitination des TRPCs specifique au Golgi et detectee par les GGAs, implicant ces 
dernieres dans le routage des TRPCs vers la membrane. Par consequent, les GGAs, les 
adaptines, de meme que la possible mono-ubiquitination des TRPCs au niveau de 
l'appareil de Golgi, seraient a explorer afin de mieux comprendre le routage des TRPCs 
vers la membrane plasmique. 
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CONCLUSION 
Nous avons clairement demontre que MxA et RNF24, qui interagissent toutes deux au 
niveau du domaine ANK, modulent differemment les TRPCs. MxA est une GTPase 
regulatrice de l'activite de TRPC6, alors que RNF24 interagit avec les TRPCs au niveau 
de l'appareil de Golgi, affectant le routage intracellulaire de ceux-ci. Cependant, plusieurs 
aspects des roles potentiels de MxA et RNF24 restent inconnus et particulierement 
interessants a explorer. 
Tout d'abord, est-ce que la modulation de l'influx de Ca2+ de TRPC6 par MxA est 
exercee directement sur TRPC6 ou plutot sur une sous-unite regulatrice? Nous savons que 
l'interaction entre Orail et les TRPC3 et TRPC6 est decrite, mais est-ce que MxA 
pourrait interferer avec l'exocytose du complexe et moduler ainsi l'activite de TRPC6? 
Ensuite, est-ce que MxA regule l'activite de TRPC6 par la modulation d'interaction 
proteine-proteine (par exemple Orail-TRPC6 ou FIP3R-TRPC6), ou par des 
modifications post-traductionnelles de type ubiquitine ou SUMO? A ce sujet, est-il 
possible que RNF24 soit impliquee dans un tel processus au niveau de l'appareil de Golgi, 
ce qui regulerait le routage des TRPCs vers la membrane plasmique ? 
L'etude approfondie des mecanismes gouvernant le routage, l'activite et les modifications 
post-traductionnelles reste la seule option permettant de mieux comprendre les 
consequences physiologiques des interactions de MxA et de RNF24 avec les TRPCs. 
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